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ERRATA 
In checking the thesis it was found that there was an error in the calculation of the column strengths 
designed by the NZS 1170.5 approach. The method of establishing the required strengths is 
correctly described in the text but the column strengths used in the analyses are typically 20 to 30 
percent lower than the intended values. 
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ABSTRACT 
It has been shown that the strengths specified in the Loadings Standard NZS 4203: 1992 
(Standards New Zealand 1992) to resist seismic actions are low when compared with major 
international design codes (Fenwick and Davidson 1994; Fenwick et al. 2002). Few modifications to 
these low strengths other than an increase in the minimum permissible base shear have been made in 
the draft revision of the Standard, NZS 1170.5. Furthermore, the design procedure to allow for higher 
mode effects in multi-storey structures subject to dynamic forces was developed in the 70's using a 
limited number of non-linear time-history analyses with a bilinear hysteretic rule and in most cases 
neglecting P-delta effects. 
In this work, a four storey, a six storey, and two twelve storey buildings, in which the 
resistance to lateral forces is provided by concrete moment resisting frame structures were designed 
and analysed. 
Through a senes of non-linear time-history analyses usmg a Takeda hysteretic rule and 
considering P-delta effects, three main objectives were studied. The first objective was to investigate if 
the strengths given to beams and columns met the objectives set by the Loadings Standard (Standards 
New Zealand 1992). The second objective was to examine how well the method of determining column 
actions from the NZS 3101: 1995 (Standards New Zealand 1995) works when using the lateral loading 
specified in NZS 4203:1992 (Standards New Zealand 1992) and the draft provisions of the proposed 
Loadings Standard NZS 1170.5 and the third objective was to compare the performance of multi-storey 
moment resisting frame buildings vyere columns are modelled as: 
It Elastic responding columns except at the base, 
It Columns designed to meet the minimum requirements as given in NZS 310 1: 1995 
(Standards New Zealand 1995), and 
It Columns designed to meet the minimum strength requirements as defined in the 2004 
draft ofNZS 1170.5 where limited protection to plastic hinge formation is given. 
The influence of the choice of hysteretic rule was assessed and in general, the structures 
studied performed in a satisfactory manner due to the use of a more realistic hysteretic model. The 
individual results from the non-linear time-history analyses were very scattered making the structures 
reach critical performance levels with some of the selected ground acceleration records and poor 
performance was observed for structures analysed using a 2,500 year return period earthquake. 
It was also shown that P-delta effects have a significant influence to the response even for the 
four and six storey structures and concluded that P-delta effects should always be included in the 
design and analysis of structures. 
1. OBJECTIVES 
With the introduction of the Loadings Standard NZS 4203:1992 (Standards New Zealand 
1992), there was a marked reduction in the minimum strength required in multi-storey buildings. It has 
been shown that the strengths specified in this code to resist seismic actions are low when compared 
with major international design codes (Fenwick and Davidson 1994; Fenwick et al. 2002). Few 
modifications to these low strengths other than an increase in the minimum permissible base shear have 
been made in the draft revision of the Standard, NZS 1170.5. The first objective of this work is to 
investigate if these strengths are adequate to meet the stated objectives of the Standard. 
To design a ductile multi-storey moment resisting frame structure, it is essential to provide its 
columns with sufficient strength to prevent the premature formation of a column sway mechanism. In 
the 1970s a method was developed and adopted in the structural concrete Standard NZS 3101: 1985 and 
3101:1995 (Standards New Zealand 1995). This approach introduced the concept of a dynamic 
amplification factor, which was applied to the column moments to allow for "higher mode effects", 
which cause the distribution of column actions to diverge from those found in a static elastic analysis. 
However, due to technology restrictions at that time, the dynamic amplification factor was estimated 
through a limited number of non-linear time-history studies using a bi-linear hysteretic model and 
without considering P-delta effects (Park 1995). The second objective is to examine how well this 
method of determining column actions works when using the lateral loading specified in NZS 
4203:1992 (Standards New Zealand 1992) and the draft provisions of the proposed Loadings Standard 
NZS 1170.5 with a more realistic hysteretic model and the inclusion ofP-delta actions in the analysis. 
When the proposed new Loading Standard NZS 1170.5 was being developed, an anomaly was 
apparent in the current requirements for columns. In ductile structural steel moment resisting buildings 
much lower strengths were required than the corresponding levels in reinforced concrete frame 
buildings. In an attempt to remove this anomaly, a second method of defming the design actions in 
columns was introduced. The intention was that this could be used for both structural steel and 
reinforced concrete multi-storey moment resisting frame buildings. With this approach, in a major 
earthquake plastic hinges could be expected to form at several levels over the height of the columns, 
while with the approach given in NZS 3101:1995 (Standards New Zealand 1995) plastic hinges would 
only be expected at the base of the columns and in the top storeys. In the revised edition for the NZS 
3101:2005 (Standards New Zealand 2005), it is intended to give the designer the option to select either 
method to determine the required column strength. However, when plastic hinges are allowed, it 
should not be overlooked that potential plastic hinge regions need to be detailed accordingly so that 
proper confmement, anti-buckling reinforcement and adequate shear strength is provided by the 
transverse reinforcement and lap splices are located away from the potential plastic hinge zones. 
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The third objective is to compare the performance of multi-storey moment resisting frame 
buildings where the columns are modelled as: 
1. Elastic responding columns except at the base, 
2. Columns designed to meet the minimum requirements as given in NZS 3101: 1995 (Standards 
New Zealand 1995), and 
3. Columns designed to meet the minimum strength requirements as defined in the 2004 draft of 
NZS 1170.5 where limited protection to plastic hinge formation is given. 
F 
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2. LITERATURE REVIEW 
Research was undertaken by Professors Paulay and Carr, together with their post graduate 
students at Canterbury University in the mid-seventies to define a design procedure for reinforced 
concrete moment resisting frames subject to earthquake actions which c{)mplied with the capacity 
design principles. To do this the over-strength of materials and the dynamic effects of structures subject 
to earthquakes had to be fully understood. One of the first efforts to quantify the effects of dynamic 
amplification to the response of structures was Row (Row 1973). This was continued by Kelly (Kelly 
1974). In his work, Kelly studied a 6 and a 12 storey buildings using two ground acceleration records 
with duration of 6 seconds or less for each structure, using bilinear hysteretic models and neglecting P-
delta effects. The recommendation from his work to determine column design moments in accordance 
with the dynamic effects was that "for buildings of six storeys or less, each column should be designed 
for 65% of the sum of beam over-strength capacities and for buildings with more than six storeys each 
column section should be designed for 85% of the sum of the beam over-strength capacities" (Kelly 
1974). Jury (Jury 1978) continuing the work from Kelly established the concept of the dynamic 
amplification factor that is still used in the current Concrete Structures Standard 310 1: 1995 (Standards 
New Zealand 1995). In this work, two six storey, a twelve and an eighteen storey buildings were 
analysed using 10 seconds of two ground acceleration records for each structure, using a bilinear 
hysteretic rule. In this study P-delta effects were recognized as significant but little distinction was 
given in the results to account for them. From this it was concluded that a dynamic amplification factor 
of 1.2 at the first level appeared to be low but a smooth transition from the base ofthe column where no 
dynamic effects are present to higher levels was needed. It was also noted that if the dynamic 
amplification factors were overestimated, it would lead to an increase in the demand at the base of the 
column. It was noted that the dynamic effects in the columns varied with height in the building ant they 
were smaller in the lower third of the structure. Further studies were made to include P-delta effects 
such as those performed by Tompkins (Tompkins 1980) who studied a twelve, a three and two six 
storey reinforced concrete frames. For this project the dynamic amplification factor was evaluated with 
the same equation as in the Concrete Structures Standard (Standards New Zealand 1995). These 
analyses were made using a bilinear hysteretic rule and with an inter-storey drift design limit of 1 % and 
three ground acceleration records with duration of 10 seconds. The results for these analyses showed 
that the inter-storey drift limit of 1 % was never exceeded. Suggestions from this study were made to 
increase the dynamic amplification value for low rise buildings. These studies were continued by Carr 
and Moss (Moss and Carr 1980), who performed non-linear time-history analyses on a 6, 12 and 18 
storey structures considering P-delta effects, using a bilinear hysteretic model. It was found that if the 
maximum inter-storey drift without P-delta was less than 1.5%, the inclusion of P-delta for the 12 
storey structure reduced the maximum inter-storey drift and if the inter-storey drift was higher than 
2.0%, the maximum inter-storey drift would increase 1.50 times when compared to the maximum inter-
storey drift from the analyses that did not include P-deIta effects. As a fmal recommendation it was said 
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that when designing according to the New Zealand design codes of the time, P-delta effects did not 
need to be considered. 
Fenwick and Davidson with their post-graduate students at Auckland University (Chung 1993; 
Chung et al. 1991; Fenwick and Davidson 1991; Fenwick et al. 1992) continued with the research to 
asses the influence of P-delta effects in single degree of freedom and multi-storey structures. From 
these studies the simplified method to include P-delta effects in the design of structures described in the 
Loadings Standard (Standards New Zealand 1992) was defined and calibrated. 
F 
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3. APPROACH TO PROJECT 
The approach that has been adopted is to design and analyse a four storey building, a six 
storey building, and two twelve storey buildings, in which the resistance to lateral forces is provided by 
concrete moment resisting frame structures. These structures were designed following a capacity 
design approach (Paulay and Priestley 1992), so that accordingly to the strength of the beams, the 
columns were designed and model1ed by the three different methods. The first method consists on 
modelling elastic columns except at the base. The second design method follows the NZS 3101: 1995 
(Standards New Zealand 1995) providing the columns with a high level of protection against plastic 
behaviour except at the base and the top floor. The third method is that described in the 2004, 1170.5 
draft, which allows the formation of plastic hinging in the columns between the base and top floor. 
Once these models were completed, each was analytically tested with 8 different earthquake ground 
acceleration records through non-linear time-history analyses. Four of these ground acceleration 
records were modified so that their acceleration response spectra would match the design acceleration 
response spectra defined by NZS 4203:1992 (Standards New Zealand 1992) at all periods. The other 
four ground acceleration records were used as they were originally recorded but each separately scaled 
using the first scale factor kl, as outlined in the draft for NZS 1170.5 so that the difference between the 
acceleration response spectra resulting from these records and the design response spectra defined by 
the draft NZS 1170.5 is minimized over a period range in accordance to the draft standard. 
From these time-history analyses, the resulting maximum inter-storey drifts, maximum storey 
displacements and maximum element curvatures were obtained and studied to assess the behaviour of 
the structures. 
Using the four modified ground acceleration records, analyses have been performed on the six 
and one of the twelve storey structures to assess the influence that the choice of hysteretic model has on 
the analyses. This step was made so that the results given by these analyses could be compared to those 
performed in earlier research projects where simpler, less realistic hysteretic models were used. 
A brief study is made of the six storey structure to outline the differences between structures 
designed to different ductility factors. Four concrete moment resisting frames were designed using 
structural ductility factors of 6, 4, 2 and 1 respectively. The response of these structures when subject to 
the four modified ground acceleration records was found. The relation between P-delta effects and the 
ductility factor was also studied. 
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4. INTRODUCTION 
4.1 Post-elastic Mechanisms of Deformation of Earthquake Resisting Structures 
When designing struchrres, a high level of protection is requiTed against undesITed inelastic 
behaviour. In ductile frames, it is important to restrict hinging in columns away from the base (Paulay 
and Priestley 1992). There are two main reasons why such column hinging should be carefully 
considered. The fIrst, which applies to steel and reinforced concrete buildings, is to prevent the 
premahrre formation of a column sway mechanism, as this can lead to a premature collapse of the 
struchrre. The second, related just to reinforced concrete buildings, is the need to consider the 
additional confInement that is required in columns in which plastic hinges fom1 and the adverse 
influence that plastic hinge zones have on lap splices in columns. By performing a non-linear time-
history analysis it can be seen that due to the dynamic effects the point of contra-flexure for a column 
in a given storey could shift and even disappear (Paulay 1979). 
Figure 4.1 illustrates the possible post-elastic mechanisms for moment resisting frames subject 
to lateral load. The white circles represent the formation of a plastic hinge. If a column sway 
mechanism is formed, the rotations concentrate at the plastic hinges in a single storey. This could lead 
to premature collapse of the structure. 
It should be noted that the mechanisms shown in Figure 4.1 are an idealisation coming from a 
static pushover analysis when the structure is subject to code type forces distributed to fit the first mode 
of vibration of the struchrre (Park 2003). 
For a beam sway mechanism to form, the beams have to yield before the columns. To achieve 
this, the maxITnum likely strength of the beams (over-strength) is assessed and the columns are 
designed to sustain the maximum actions that can be transmitted to them. TIlls capacity design process 
is known as a weak beam-strong column mechanism. It has generally been expressed by Equation 1. 
IMb < IMc· ................ · ...... ·· ................. · ............... (Eq.1) 
where 2:Mb is the sum of the beam over-strengths that needs to be resisted by the columns at the beam-
column junction being considered and 2:Mc is the sum of the columns flexural capacity at this same 
junction. However, when P-delta actions and other effects are considered it can be shown that some 
additional column over-strength is requITed if a premature mixed beam-column sway mode (see figure 
4.1) is to be avoided. 
A beam sway mechanism is the most convenient when designing a moment resisting frame 
because moderate demands on the curvahrre ductility would be TequITed on the plastic hinges forming 
at column bases and beams (Park and Paulay 1975). A mechanism of this type makes it easier to meet 
F 
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the demands at the plastic hinges if the structure is carefully detailed (Park 2001). Because of this the 
New Zealand Loadings Standard 4203:1992 (Standards New Zealand 1992) requires that columns in 
moment resisting frames to have sufficient strength to ensure a beam sway mechanism forms in 
preference of a column sway mechanism. 
Column Sway mechanism 
Beam Sway mechanism 
Combined mechanism 
Figure 4-1 Post-elastic mechanisms for moment resistant frames 
The New Zealand Loadings Standard NZS 4203:1992 (Standards New Zealand 1992) and 
Structural Concrete Standard NZS 3101:1995 (Standards New Zealand 1995) consider acceptable a 
column sway mechanism in two cases: 
1. For one or two storey buildings a column sway mechanism is permitted; 
2. For gravity-dominated frames of more than two levels, some columns may be permitted to 
form plastic hinges (combined mechanism) provided that the other columns in the storey 
remain elastic preventing the column sway mechanism from developing. 
For structures with more than two storeys, hinging at the top storey columns is permitted. 
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A combined mechanism may form provided plastic rotations in hinge zones are small, which 
tends to be the case when the column hinges are separated by several storeys. 
4.2 Capacity Design 
In order to limit the formation of plastic hinges so that the post-yield behaviour is consistent 
with the selected mechanism, and to avoid a shear or bond failure so that the displacement ductility 
capacity of the structure complies with the design requirements, a design method known as "capacity 
design" was developed. 
The basis for the capacity design procedure were frrst published in 1969 in a paper for the 
New Zealand National Society for Earthquake Engineering (Hollings 1969) and further developed by 
Park and Paulay and Paulay and Priestley! (Park and Paulay 1975; Paulay and Priestley 1992). The 
steps to capacity design due to lateral forces are (Paulay and Priestley 1992) : 
1. Select the potential plastic hinge zones. 
2. Design and detail the zones to be capable to develop the required design strengths. Special 
consideration should be made when designing transverse reinforcement and as well the 
location of the lap splices in elements. 
3. Assess the maximum likely strength (over-strength) that these zones will be capable of 
developing and hence transmit to the adjoining elements. Many factors are involved in the 
evaluation of the flexural over-strength of members. These include the variation of steel and 
concrete strengths, strain hardening or additional reinforcement that could be placed for 
construction purposes to satisfy minimum requirements or satisfy available bar size. The use 
of strength reduction factors and participation of non-structural members should be considered 
(Park 2003). 
4. Design the rest of the structure so that its elements are capable of resisting the maximum 
actions induced when the elements with potential plastic hinge zones are taken to their 
maximum likely strength. 
This approach ensures that the inelastic behaviour is limited to the plastic hinge zones and the 
formation of the failure mechanism selected by the designer. 
I Infonnation on the development of capacity design was taken from the article Park, R. (2001). "Improving the resistance of 
structures to earthquakes." Bulletin of the New Zealand National Society for Earthquake Engineering, 34(1), 1-40 .. 
F 
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5. GENERAL DESIGN CONSIDERATIONS 
5.1 General Description of the Structure 
Four different reinforced concrete moment resisting frames were designed, one each with 4 
and 6 storeys and two with 12 storeys. The same simplified floor plan configuration, shown in figure 
5.1, and site characteristics were used for all frames. These structures resist any lateral forces by two 
reinforced concrete frames on one direction and 2 structural concrete walls in the perpendicular 
direction. This configuration was idealized for simplicity in the analysis using a symmetric floor plan 
with negligible torsional effects and only low axial loads to act on the columns of the frames. The 
weight per floor is 4,400 kN which is carried mainly by the internal columns and the walls. The internal 
columns were assumed to be flexible. Thus the moment resisting frames carry their self-weight and 
provide all the lateral force resistance at right angles to the walls. The material properties for the 
moment resisting frames are listed in Table 5.1. 
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Figure 5-1 General configuration of the structure (All units are in meters) 
Table 5-1 Material properties 
Concrete Longitudinal Steel 
fc = 30 MPa 
E = 25 GPa fy= 300 MPa 
Weight per unit of volume: 23.5 kN/m.! 
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5.2 Site and Seismicity 
The assumed location is in Wellington area (Z = 1.2), on intermediate type soil as de:fmed by 
the Loadings Standard (Standards New Zealand. 1992), with no near fault effects. 
5.3 Parameters of Equivalent Static Analyses 
For the equivalent static analysis, the design acceleration response spectra used was taken 
from the NZS 4203:1992 Loadings Standard (Standards New Zealand. 1992) corresponding to a 
ductility (l-l) of 6 on intermediate type soil scaled by a Zone factor of 1.2 and a Structural Performance 
Factor of2/3, as required in the Standard. 
5.4 Parameters of Modal Response Spectral Analysis 
The acceleration response spectrum was used for both the equivalent static and modal 
response spectrum analyses. The Square Root Sum of Squares (SRSS) combination method was used. 
5.5 Computer Modelling of the Frame 
All the analyses were made using the program Ruaumoko (Carr 2003). 
For an beam and column members a Giberson model was used and the stiffness of columns 
was computed at each time-step using its current axial force. 
For the non-linear time-history analyses, the small displacements analysis was used when P-
delta effects were not considered and the large displacements analysis option when they were 
considered. In a large displacement analysis, the coordinates of every node, as well as the stiffuesses of 
all members, are updated at each time step allowing for geometry changes (Carr 2003). 
5.6 Hysteretic Models 
5.6.1 Takeda Hysteretic Model 
In order to simulate the behaviour of each member, modified Takeda type hysteretic models 
were used in all elements of the frame. Figure 5.2 shows the parameters needed to defme a Takeda type 
cycle used in the program Ruaumoko (Carr 2003). 
To defme the ex. and ~ values used in the Takeda hysteretic loop, four laboratory tests 
performed at Auckland University (Fenwick et al. 1981) were analysed, two which have a typical beam 
cross section and steel distribution and two with a typical column cross section and steel distribution 
F 
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subject to a low axial load. The a and ~ factors obtained were 0.35 and 0.43 respectively for beams and 
the corresponding values for columns were 0.23 and 0.60. 
F r)~-o 
d ct. 
kc,(c/-I 
m 
No yield 
Figure 5-2 Variables that define a Takeda type model 
Figure taken/rom "Ruaumoko Manual ®" ullder authorisation a/Car/', A. J. 
The factor controlling the post-yield slope of each member (r) was modified so that the post-
yield stiffness obtained from the pushover analyses to the frame without P-delta effects, using a set of 
forces proportional to the distribution defmed by NZS 4203: 1992 (Standards New Zealand. 1992) for 
an equivalent static analysis, would be of the order of 3 % of the yield strength for every increment in 
ductility, as shown on figure 5.3. The value of 3% was selected so that when the structure reaches a 
ductility (Il) of 6, the total increment above the ductility one value is approximately equal to 15% of the 
base shear for a ductility of one. This increment of 15% is similar to that observed in studies where 
reinforced concrete members were tested (Fenwick et al. 1981; Gill 1979; Munro 1976). The same 
value of r was used for every frame with the same number of levels. The values of r used for each 
structure can be found in appendix A. 
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Figure 5-3 Inelastic push-over analysis to a four storey structure 
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Figure 5 A shows each of the 3 stages (a, band c) that a structure undergoes when an inelastic 
push-over analysis is perfonned. The graph shows the resulting base shear versus top floor 
displacement obtained from an inelastic push-over to a 4 storey structure. 
The highlighted part of the line on the graph represents the stage that is being illustrated. 
Figure 5 A.a shows the initial stage of a push-over analysis when the structure remains elastic until the 
fIrst plastic hinge appears in the structure. After the fIrst hinge is fonned, the stiffness of the structure 
starts decreasing. This decrement continues as more plastic hinges in other elements are fonned. As 
shown in fIgure 5A.b, at the end of this stage a mechanism is fonned. With more displacement, the 
lateral resistance can only increase due to strain hardening of the reinforcement, as shown in fIgure 
5A.c. Because of this, in this project the post-yield stiffness of the structure was adjusted to represent 
approximately the same post-yield stiffness that would be resisted by the yielding elements. 
5.6.2 Bilinear Hysteretic Model 
In some cases, a bilinear hysteretic model was used to see the effect this would have on the 
behaviour of the structure compared to the "same" structure using the modified Takeda model. The 
only factor needed to defme the bilinear model is r. This was calculated as previously described. These 
analyses were made so that the signifIcance of the two hysteretic models on P-delta effects could be 
assessed and so that the results can be related to previous studies (Bernal 1987; Fenwick et al. 1992; 
Kelly 1977; Moss and Carr 1980). 
5.7 Modelling of Beam-Column Joints 
As illustrated in Figure 5.5, internal beam-column joint zones defonn in shear. The practical 
problem is to allow for this deformation in a manner which can be readily adopted in an analysis. 
Because shear deformations are not modelled, the beam-column joint deformation is in this project 
incorporated through an approximation by modifying the curvature of the elements. In this study, three 
different approaches were examined before one of them was selected and used in the equivalent static, 
modal and time history analyses. 
Figure 5-5 Deformed shape of beam-column joint when subject to lateral forces 
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Figure 5.6 shows how strain in the longitudinal reinforcement in a beam varies through a joint 
zone. From this figure it can be seen that flexural curvature is zero at the column centreline and it 
increases linearly to the column face. The flexural rotation between the two points can be 
approximately modelled by: 
a) Doubling the flexural stiffness of the beam member at the joint zone as illustrated in 
figure 5.7.A; 
b) Use of rigid members over Palt of the joint zone, as illustrated in Figure 5.7.B; 
c) The use of a flexural spring at the beam and column faces as illustrated in Figure 
5.7.C. 
it 
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Figure 5-6 Strain diagrams and curvature at joint 
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Figure 5-7 Different options to model Beam-Column joints 
For the analyses in this work, the use of a flexural spring at the ends of columns and beams 
was adopted. Option A was discarded because the inclusion of very small elements at the beam-column 
joint area created problems when running the analyses due to the high stiffness ratio of elements in the 
model. Besides, the computational effort would have been much higher than the other two options. 
Option B was discarded because the beam and column actions were reported by the program at the end 
of the rigid element and not at column and beam face as required. When dynamic effects are present 
the variation of moments within the joint area can be considerable and they can not be easily 
extrapolated when inelastic actions are present. 
In this work, the flexibility of the flexural springs for option C corresponds to that of the 
adjacent member (beam or column respectively) with a length of lit the length of the joint. The added 
flexibility can be calculated by the next expression: 
L 
fadded = El 
Where !added is the value of the added flexibility, L is the length of y,; of the columns depth 
when modelling horizontal members and y,; of the beams depth when modelling vertical members, E is 
the modulus of elasticity of concrete and I the effective moment of inertia of the adj acent section. 
5.8 P-Delta Effects 
The term P-delta refers to the additional actions by the axial force (P) when there is a 
horizontal displacement (delta) on a vertical element. This effect may reduce significantly the flexural 
capacity of a structure. The effect can be easily explained for a single degree of freedom system (SDOF) 
(Chung 1993). 
Figure 5.8 represents a SDOF pinned at the base with an axial load P that could be an external 
load or the self-weight of the structure. If a horizontal displacement (.1) is applied to the SDOF, it can 
be deduced from equilibrium that a force P.1 IH should be applied to maintain equilibrium. 
P 
Figure 5-8 P-delta effects on a SDOF structure 
Pc. 
H 
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If P-delta effects are considered, the necessary external force to induce a unitary displacement 
(stiffness) to a SDOF structure fixed at the base would be reduced on the same magnitude of the 
horizontal force induced by P-delta effects. This change in stiffness increases the fundamental period of 
the shllcture. 
The change in stiffness due to P-delta effects for a SDOF sh1lcture can be calculated using the 
following equation: 
k=k-~ 
1 0 H 
where kJ is the stiffness with P-delta effects, ko the stiffness without considering P-delta effects, P is the 
axial load and H the height. The change in the post-yield stiffness from P-delta effects can make the 
final slope to be negative as shown in figure 5.9. It should be noted that this negative slope is P-delta 
induced and is not coming from the material properties. 
One of the most important characteristics of P-delta effects when a SDOF is subject to cyclic 
loading and inelastic behaviour is the tendency to yield in one direction only. Once a significant post-
yield displacement takes place, the reduction of strength makes it more likely for the structure to 
sustain additional inelastic displacement in the same direction (Chung 1993). Because of this, the 
length of strong motions applied to the structure can have a considerable effect that may lead to 
incremental collapse. As illustrated in Figure 5.9, the lateral resistance is greater for the structure to 
return to its original position than to increase its displacement. 
1: 
<1l 
E 
o ;;:: 
Figure 5-9 Cyclic loading considering P-delta 
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Displacement 
It has been shown (Chung et al. 1991; Fenwick et al. 1992; Zhao et al. 2001) that the most 
important factors affecting P-delta effects are the ductility, period of the structure and choice of 
hysteretic model. 
For this work, the method recommended in the commentary to the New Zealand Loading 
Standard (Standards New Zealand. 1992) to asses P-delta effects in multi-storey buildings was used. 
p 
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The steps to follow are: 
1. Analyse the structure by the equivalent static or modal response spectrum method without 
considering P-delta actions. 
2. Determine the maximum lateral deflection at each level and scale these values by the 
structure ductility factor to allow for inelastic deformation. 
3. Assume all the gravity load is carried by columns which are pinned at each level and 
displaced as in 2 (see fig. 5.1 0). Find the lateral forces Fxi required at each level for stability. 
4. Calculate the value ~, that makes an allowance for the ductility demand and K which makes 
an allowance for the period of the structure and the soil conditions. These values are defmed 
by the following expressions, where 11 is the ductility factor and T I is the fundamental period 
of the structure in seconds; 
If 11 ::Q.5 then f3 = 2j1l{ and if 11 > 3.5 then f3 = 2K 
3.5 
For a rocky or very stiff soils and for intermediate soils, 
K = 1.0; 
K= (6-~); 
4 
K=O.5; 
for T] $1.0 seconds 
for 2.0 ::;;'II 9t.0 seconds 
for Tl > 4.0 seconds 
5. Forces found on step 3 are scaled by ~. The scaled forces are applied to the structure and the 
deflections calculated. 
6. The additional elastic P-delta deflections are multiplied by the structural ductility factor 11 to 
get the inelastic deflection and added to the deflections obtained at step 2. The resultant 
deflections should comply with the maximum allowable inter-storey drift limits. 
F'3 
Figure 5-10 Model to assess lateral forces induced by P-delta actions 
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5.9 Moment Redistribution 
The purpose of moment redistribution in beams of a moment resisting frame is to get a more 
efficient design while maintaining the equilibrium for vertical and horizontal forces. According to 
Paulay and Priestley (Paulay and Priestley 1992) the advantages of moment redistribution are: 
1. Reducing the absolute maximum moment and increasing moments in non-critical regions. If 
possible, the positive and negative moments will be set to be the same resulting in a 
symmetrical arrangement of flexural reinforcement in beams; 
2. Equalize moment requirements for beams on opposite sides of an interior coluIl1l1 to avoid the 
need to terminate reinforcement steel at interior beam-coluIl1l1 joints; 
3. If the minimum possible positive moment capacity is used for design, it is easier to comply 
with the requirement of having at least 50% of the positive capacity to resist negative 
moments. This measure will ensure that the designed members can develop the inelastic 
rotation demand; 
4. If capacity design principles are followed, the flexural capacity of co1uIl1l1s in ductile moment 
resisting frames will be dictated in most cases by the flexural capacity of beams so that if the 
flexural capacity of beams is reduced by redistribution, excessive flexural capacity on colUIl1l1S 
can be avoided. 
One method of redistribution, which satisfies equilibrium for both horizontal and vertical forces is 
described in "Examples of concrete structural design to New Zealand Standard 3101" (Bull et al. 
1998). With NZS 3101:1995 (Standards New Zealand. 1995) redistribution of moment is limited. The 
bending moment in any span is not allowed to be changed by more than 30% of the maximum bending 
moment in the span being considered in any load combination. 
As an example, the moment redistribution at the 3rd level of six storey frame model 6/6/E/T (see 
section 5.12 and appendix A for details of the structure) is described. Table 5.2 shows the beam 
moments at the centreline of columns coming from the different elastic analyses. The Spectral Modal 
analysis just considered the bending moments coming from the appropriate response spectra. In the 
table the bending moments due to gravity loads, response spectral modal analysis and P-delta actions 
are found and summed to obtain the proper load combination. 
Table 5-2 Beam moments at column centreline 
A to B BtoC CtoD 
Load combination (lcNm) (kNm) (lcNm) 
Gravity loads 41.6 I 44.9 45.0 I 45.0 44.9 I 41.6 
f 
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Spectral Modal analysis -284.2 261.4 -245.0 245.0 -261.4 284.2 
P-Ll -93.2 85.8 -81.4 81.4 -85.8 93.2 
To get the desIgn moments for bearns, the correspondmg values at column faces are calculated. 
This is easily achieved using the relation between shear forces and moments, as illustrated in figure 
5.11. Moments at column faces are given in Table 5.3. 
Table 5-3 Beam moments at column face 
Load combination 
Gravity loads 
Spectral Modal analysis 
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Figure 5-11 Relation between moment and shear 
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Now that the moments at column face are known the redistribution can be obtained by getting 
an average of the absolute moment at each column face for each span and then getting the average of 
these moments. This is: 
Span A; 310.2+347.5 
2 
328.8 
SpanB; 260.8+329.0 
2 
294.9 
Span C; 279.9 + 371.8 
2 
325.8 
I Average = ¢Mn = 316.5 
Given the regularity of the frame and the low axial load, the variation of the original moments 
to the redistributed moment is not too large. It can be verified that the redistribution value (316.5) 
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complies with the 30% maximum moment redistribution. The redistribution process is illustrated on 
figure 5.12. The numbers between parentheses are the reduced moment ~ Mn at column face. For the 
time history non-linear analyses, the nominal capacity Mn was used. ~ was taken as 0.85. Further detail 
for the beam moment redistribution can be found elsewhere (Bull et al. 1998; Paulay 1980; Paulay 
1988; Standards New Zealand. 1995). 
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Figure 5-12 Beam moment redistribution 
(All moments are in kN m) 
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5.10 Column Design Forces Assessment for a High Protection against Plastic Hinge Formation 
This procedure is that described in NZS 3101:1995 (Standards New Zealand. 1995). It applies 
to all columns except at ground level and the top storey where plastic hinge formation is allowed. 
Once the beam design moments at column face are obtained through moment redistribution, 
an extrapolation to get the moment at column centrelines using the shear force sustained at the column 
face. Following the example given in section 5.9, the redistributed beam nominal moments, Mn at 
column centre lines are shown in figure 5.13. 
@ 
1 
7.00m @ I· 7.00m ~ 7.00m ~ 
Moment Diagram 
Figure 5-13 Redistributed beam nominal moments at column centreline 
(All moments are in kN m) 
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To ensure a ductile failure mechanism forms in preference to other non-ductile failure modes, 
the structure is designed so that a weak beam-strong column mechanism is formed in the event of a 
major earthquake. To achieve this, the following steps are carried: 
1. Determine the required design strengths of potential plastic hinge zones in the beams. 
Moment redistribution may be involved in this step. 
2. Detail the beam potential plastic hinge zones for the required flexural strength. 
3. Determine the flexural over-str'ength of the potential plastic hinge zones in the beams. 
4. Determine the bending moments at the column centrelines due to beam over-strength 
and determine the beam over-strength input into the columns. 
5. Get the equivalent static or first mode moments in the columns at beam centreline 
and scale them so that the sum of the absolute moments at each node is equal to the 
sum of beam over-strength moments at column centreline. 
6. Scale the resultant column moments by the dynamic amplification factor, (D. (see 
section 5.10.1) . 
7. Determine the bending moments at the beam face acting in the columns. This step 
involves interpolating the column bending moments at beam centreline in accordance 
to the expected shear forces. 
8. Design columns at beam faces to satisfy the expected levels of axial loading and 
bending moment. 
Figure 5.14 shows how the column bending moments at beam centreline coming from beam 
over-strength are obtained at level 3 from the example on section 5.9 at the interior joint on grid B 
where Meq is the sum of the absolute column moments at beam centreline coming from the equivalent 
static analysis, Mred is the sum of the absolute redistributed beam nominal moments and Mtop and Mbot 
are the resulting moments at beam centreline. To get the column design moments and shears, these 
moments should be further scaled by a corresponding dynamic amplification factor and an over-
strength factor. These scaled moments at beam face are used to design the columns. 
Meq = 282 + 353 = 635 kNm Mred = 399 + 425 = 824 kNm 
<t 
t\---.. 
A) Equivalent static moment diagram B) Beam moments from redistribution 
Figure 5-14 Assessment of column moments at beam centreline 
Mabs = 824 =1.30 
M,q 635 
M,op = -282 x 1.30 = -366 kNm 
Mhot = 353 x 1.30 = 458 kNm 
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C) Column moments 
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5.10.1 Dynamic Amplification and Over-strength Factor 
Recent studies made to 3, 4 and 8 storey frame buildings, show that a simple design approach 
based on the dynamic amplification factor modified accordingly to the ductility level would be 
appropriate but it was concluded that for frame structures further studies are required (Priestley 2003). 
To define an appropriate design capacity for columns, a dynamic amplification factor, 0) and 
an over-strength factor, ~o are required. The former is needed mainly because as the structure is subject 
to the dynamic effects induced by an earthquake, the column moment pattern differs from that obtained 
from an elastic analysis. The main reason for this variation is higher mode effects which affect upper 
levels significantly. The over-strength factor allows for the strength variation that occurs in steel and 
concrete from their design values and for strain hardening effects, as shown in figure 5.15 a and b 
respectively. For design, a lower characteristic strength is used but to get an appropriate over-strength 
factor the upper characteristic strength must be considered. 
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Previous research undertaken at Canterbury University (Jury 1978; Paulay 1977) set the limits 
for these two values defmed by the New Zealand Concrete Structures Standard (Standards New 
Zealand. 1995). Given the limitations of the time, the studies were made of a limited number of 
structures using a bilinear hysteretic model and neglecting P-delta effects. 
When evaluating the dynamic amplification factor, concurrent lateral loading in both principal 
directions of the structure should be considered. Thus, when designing by NZS 3101: 1995 (Standards 
New Zealand. 1995) to get the dynamic amplification factor, a distinction from one-way and two-way 
frames is stated. The dynamic amplification factor is given by the following expressions: 
" For one-way frames 
(l) = 0.6 T} + 0.85; 
but not less than 1.3 nor more than 1.8. 
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• For two-way frames 
m=O.5TJ+1.1 
but not less than 1.5 nor more than 1.9. 
This value for co is used between 1/3Td of the height of the building and 2 levels below the top 
floor. At the base and the top floor, co is taken as 1.0 or 1.1 for one or two-way frames respectively. 
Below 1I3Td of the height of the building, the value is linearly interpolated from the value taken at the 
base and that defmed by the previous expressions at 1I3Td of the height. At the fIrst level co should not 
be less than 1.30 or 1.50 for one or two-way frames. At the level immediately below the roof level, co 
should be taken as 1.30 or 1.50 for one or two-way frames respectively. When no point of contra-
flexure in a storey is indicated by the elastic analysis, co can be taken as the minimum for the fIrst floor. 
Research for a better assessment of the dynamic amplifIcation factor in walls has been 
undertaken (Priestley and Amaris 2002) but it is suggested that further research is needed to account 
for the dynamic amplifIcation factors in ductile moment resisting frames to get a more reliable response 
when structures are subject to dynamic actions such as earthquakes (Priestley 2003). 
New Zealand Standard NZS 3101:1995 (Standards New Zealand. 1995) suggests an over-
strength value of 1.25. This accounts for an increase of strength due to strain hardening and the 
possible scatter of the design and real strength of steel reinforcement. For this project all over-strength 
factor of 1.1 was used given that all members were modelled using their nominal strength and certainty 
in the real strength was assumed. 
5.10.2 Design Shear 
The Concrete Structures Standard NZS 3101: 1995 (Standards New Zealand. 1995) says that in 
upper storeys, except at the top level where hinging in coluums is allowed, the design shear for one-
way frames should be calculated according to the following expression: 
V'col = 1.3 rPo VE 
where y' col is the coluum design shear force, Y E is the coluum shear force derived from lateral 
earthquake design forces and $0 is the beam over-strength factor. 
When designing the coluum at the base or at the top floor, a different expression applies given 
that hinging is allowed at these locations. 
5.10.3 Design Axial Forces 
The design axial forces are calculated adding to the appropriate gravity load value the 
cumulative shear induced by the beams above the column section being considered. In the NZS 
3101:1995 (Standards New Zealand. 1995) allowance is made to the low probability of all beams 
hinging at the same moment in time and thus a reduction factor, Rv is introduced for the component of 
shear in the beams due to seismic actions. 
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5.10.4 Design Moments 
The design nominal moment as defined byNZS 3101:1995 (Standards New Zealand. 1995) is 
given by: 
where ~o (0 ME is the scaled moment coming from beam over-strength and scaled by the dynamic 
amplification factor and 0.3 hB V'col represent the difference between the column moment at beam 
centreline and that at beam face. Given that the design shear would generate an upper bound gradient 
when integrated to get the moment diagram, a 60% of the design shear y' cob is used to calculate the 
design moment at the beam face so that the moment reduction from the centreline to the beam face is 
given by: 
Mchg = 0.6 V'col 0.5 hb = 0.3 hB V'col 
where Mchg is the change in moment from the beam centreline to beam face, y' col is the design column 
shear and hb is the depth of the beam. This is illustrated in figure 5.16. 
Figure 5-16 Column moment at beam face 
As previously noted, this approach is valid for columns where plastic hinging is not desired. 
Special considerations should be taken for the top storey columns and the column section at the base. 
5.11 Column Design Forces Assessmentfor a Low Protection against Plastic Hinge Formation 
Away from the Base 
As described in the draft for NZS 1170.5, to ensure that an appropriate failure mechanism is 
formed, the columns shall be proportioned so that the storey shear strength corresponding to a column-
sway mechanism is equal to or greater than the calculated beam-sway storey shear strength times a 
dynamic amplification factor. To assess the beam-sway storey shear, the over-strength bending 
moments sustained at plastic hinge zones and the applied lateral loads should be considered. This 
procedure only applies if a point of contra-flexure is indicated in the columns in an equIvalent static 
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analysis. To calculate the storey beam-sway shear, the point of contra-flexure is assumed to be at half 
the storey height. 
Figure 5.17 illustrates how the storey shear coming from beam over-strength bending 
moments and that coming from external lateral loads is distributed at the assumed inflexion point of 
columns to maintain equilibrium. 
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Figure 5-17 Total storey shear components 
Taking again the third level of the 6 storey structure as an example, using the beam over-
strength moments obtained in section 5.9, the storey shear induced by beam over-strength moments is 
calculated in figure 5.l8.a. To achieve equilibrium, the lateral force from the equivalent static or first 
mode at the level being considered (FE) is scaled so that the sum of the moments that it generates at 
beam centreline are equal to those at over-strength as shown in figure S.l8.b, where FE is the equivalent 
static lateral force at that level, 2:ME is the sum of the equivalent static beam moments at column 
centreline, L:Mo is the sum of beam over-strength moments at column centreline and F ex is the scaled 
equivalent static lateral force. These earthquake induced shears are added to those coming from the 
over-strength actions of beams and multiplied by the dynamic amplification factor (0)) to get the total 
shear (VIOl in figure S.l8.c). Since plastic behaviour is permitted at the columns, the total storey shear 
can be distributed throughout the columns in any way as long as equilibrium is maintained. The column 
design moments are estimated using the distributed shears applied at the inflexion point of each storey. 
The resultant column flexural strengths must in all cases be sufficient to sustain the over-strength 
moments in the beams. For this project, 1/6th of the total shear was applied to each exterior column and 
1I3rd to each interior column. This allows for interior columns to hinge first. The shear at each column 
applied at the inflexion point will determine the column design moment at beam face as shown in 
figure S.18.c. 
(a) 
(b) 
(c) 
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Figure 5-18 Column design actions obtained by the NZS 1170.5 draft 
5.12 Frame Properties 
A part of a 150 rom deep slab was considered to contribute to the second moment of area of 
beams, as described by NZS 3101:1995 (Standards New Zealand. 1995) and illustrated in figure 5.19. 
To calculate the effective moment of inertia (Ieffective), the beam gross moment of inertia was multiplied 
by a factor of 0.4 to account for the cracking of concrete. Columns were modelled with a rectangular 
cross section. The effective moment of inertia (Ieffective) for columns was calculated by multiplying its 
gross moment of inertia by a factor of 0.4. The effective moment of inertia of all members for all 
sections is listed in Appendix A. 
pz 
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The design actions were found from a modal analysis and an analysis for P-delta effects as 
outlined in section 5.8. The bending moments were redistributed as outlined in section 5.9. The 
required nominal strength at the base of ground level columns were calculated by adding the modal and 
P-delta actions and then dividing the sum by the strength reduction factor which was 0.85. A summary 
of the section properties is given in Table 5.4. More details of the design of each structure can be found 
in Appendix A. 
Figure 5-19 Beam cross section 
Table 5-4 Section properties for different buildings 
Beams* Columlls 
Sectioll Flange width ** Section 
(mm x mm) (111m) (/11111 x mm) 
Four storey building 700 x 400 580 625 X 500 
Six storey buildillg 775 x 450 580 675 x 600 
Twelve storey building A 900 x 550 580 750 x 650 
Lower: Lower: Lower: 
900 x 550 580 775 x 650 
Twelve storey buildillg B*** 
Upper: Upper: Upper: 
750 x 550 580 700 x 600 
"The jlange depth is 150 mm in all beams. 
** As described by NZS 3101:1995,just half the width ofthejlange is used to calculate Jeff""iv" 
*·*The lower 6 storeys have a different beam and column section than the upper 6 storeys 
Each of the designed buildings is identified according to the following notation: 
No. oj sto/,eyslDuctility Jactor/Type oj coiumnslHysteretic model 
where type of columns can be: 
II E: for elastic columns except at the base 
II 3101: Columns designed according to NZS 3101:1995 (Standards New Zealand. 1995) 
and 
II 1170: Columns designed for limited protection against plastic hinges according to NZS 
1170.5 draft. 
and the hysteretic models can be: 
II B: Bilinear hysteretic model (see section 5.6) 
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II T: Takeda type hysteretic model (see section 5.6) 
so that for example, building 6/6/E/T is a 6 storey building designed using a structural ductility factor 
of 6 and when inelastic analyses were performed, elastic columns were used except at the base and a 
Takeda hysteretic model controlled the behaviour of the inelastic elements. 
Table 5-5 Properties of different buildings 
Ductility Beams Comply with 
Column Design Four storey 
factor minimum steel 
Hysteretic 
building method model 
(Il) requirements 
4/6/E/T 6 Yes Elastic columns Takeda 
4/6/31011T 6 Yes NZS 3101:1995 Takeda 
4/6/1170/T 6 Yes NZS 1170.5 Takeda 
Ductility Beams Comply with 
Column Design Six Storey 
factor minimum steel 
Hysteretic 
building method model 
(Il) requirements 
6/6/E/T* 6 No Elastic columns Takeda 
6/6/E/T 6 Yes Elastic columns Takeda 
6/6/3101/T 6 Yes NZS 3101:1995 Takeda 
6/6/1170/T 6 Yes NZS 1170.5 Takeda 
6/6/E/B 6 Yes Elastic columns Bilinear 
6/4/E/T 4 Yes Elastic columns Takeda 
6/2/E/T 2 Yes Elastic columns Takeda 
6/1/E/T 1 Yes Elastic columns Takeda 
Ductility Beams Comply with 
Column Design Twelve Storey 
factor minimum steel 
Hysteretic 
building A method model 
(Il) requirements 
12A16/E/T 6 Yes Elastic columns Takeda 
12AJ 6/310 liT 6 Yes NZS 3101:1995 Takeda 
12AJ6111701T 6 Yes NZS 1170.5 Takeda 
12A/6/ElB 6 Yes Elastic columns Bilinear 
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Ductility Beams Comply with 
Column Design Twelve storey 
factor minimum steel 
Hysteretic 
building B method model 
(Il) requirements 
12B/6/E/T 6 Yes Elastic columns Takeda 
12B/6/31011T 6 Yes NZS 3101:1995 Takeda 
12B/6/11701T 6 Yes NZS 1170.5 Takeda 
*Note that this bllildillg is the ollly olle where beams do IIOt comply with millimulII steel requiremellts set by NZS 
4203:1992. It will be referred to as 6161E1T* 
The seismic weight acting with each level was 2,200 kN. A small portion of this weight, 
which consisted of the self-weight of the frame, was considered as inducing axial loads in the columns. 
In order to model the additional mass contributing to the inertial effects, an extra column with all its 
members pinned at each level, was assumed to support the rest of the gravity load. Pin-ended horizontal 
members connected the pin-ended column members at each level to the frame. When one or more of 
the node points in the pin-ended column is deflected, the change in direction of the axial load induces a 
lateral force in the pin-ended horizontal member. This lateral force, which represents the P-delta 
actions, is transmitted to the frame. Figure 5.20 illustrates this process. 
The Ruaumoko (Carr 2003) input file for the non-linear time-history analysis for structures 
4/6/3 101fT, 6/6/3101/T, 12A16/31Ol/T and 12B/6/31011T can be found on Appendix F. In all elements 
when subject to plastic behaviour, plastic hinges were modelled with a length of half the depth of the 
member. 
~I Ilona co umn 
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" ~ ~Im • 1m "", "" bm 
Figure 5-20 Graphic representation of model with an additional column to consider P-delta effects 
5.13 Non-linear Time-history Analyses 
5.13.1 Parameters 
For the non-linear time-history analyses the Newmark constant average acceleration integration 
method was used. The damping was modelled as 5% in all modes. A time step of 0.005 seconds 
was used in most cases but for some analyses it needed to be reduced. 
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5.13.2 Return period 475 years groulld acceleration records 
Eight ground acceleration records were used. The first four, shown in figure 5.21, were 
modified £i.-om its original form so that their acceleration response spectra would fit the 5% damped 
acceleration response spectra for intermediate soils and a ductility of 1 defined by NZS 4203: 1992 
(Standards New Zealand. 1992). Ground acceleration records 1 and 2 were originated by the "1940 EI 
Centro" earthquake using the components North-South and East-West respectively. Records 3 and 4 
were recorded at Kern County, California in 1952 at TAFT station. These records will be referred to as 
Modified EI Centro NS, Modified El Centro EW, Modified TAFTl and Modified TAFT2 respectively. 
The use of these modified records is believed to be conservative as the response spectrum is at 
the design level over the whole spectrum, while in practice earthquake records would only reach the 
design level over a restricted portion of the design spectrum. An extra input of energy is expected to be 
induced affecting more significant higher mode response. Using records scaled in this manner was 
expected to have the advantage of reducing scatter of results due to the less jagged nature of their 
response spectra. 
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Figure 5-21 Modified accelerograms to fit the corresponding acceleration response spectra 
In figure 5.22 the acceleration response spectra for the four selected records is compared to the 
design spectra defined by the loadings standard (Standards New Zealand. 1992). It should be noted that 
these records were further scaled to the zone factor, Z. The structural performance factor used for the 
elastic equivalent static and modal analyses was left out for the non-linear time-history analyses. 
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Figure 5-22 Acceleration response spectra generated by the modified accelerograms and 
compared to the design response spectra defined by NZS 4203:1992 
The second set of records were used as originally recorded, but scaled linearly by a factor k j to 
obtain the closest fit to the design acceleration response spectra on a period ranging from OAT j to 1.5T b 
where T j is the fundamental period of the structure, using the least of squares method as outlined by the 
draft NZS 1170.5. Hence, each structure would have a k j scaling factor in accordance to its 
fundamental period. The factor k2 or family scaling factor was not applied. The family scaling factor is 
calculated so that at least one of the records has all its ordinates above the design acceleration response 
spectra in the period range of interest. This was thought to be unrealistic, conservative and that would 
produce responses which are not representative of a 475 years return period event. 
The records selected are two components for the 1940 El Centro earthquake and 2 components 
for the 1978 Tabas, Iran earthquake and can be seen in figure 5.23. These records will be referred to as 
EI Centro 1, El Centro 2, Tabas 1 and Tabas 2 respectively. 
It should be noted that these natural records were scaled to the acceleration response spectra 
defmed in the NZS 1170.5 draft for shallow soil, which is similar to the intermediate soil spectra for 
NZS 4203:1992 (Standards New Zealand. 1992). The comparison of these two design spectra for the 
Wellington area is shown in figure 5.24. I 
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Table 5.6 shows the scale factors used for each of the natural records for each of the structures 
that were analysed. Figure 5.25 shows the scaled response spectra for each of the structures for the 
natural records. In each graph the range period of interest is delimited by three vertical dotted lines. 
The centre vertical dotted line represents the fundamental period of the structure. The design response 
spectra is already scaled by the appropriate zone factor. 
Table 5-6 Scaling factors for each structure for each of the natural records 
kJ scalillg factors 
El Centro 1 El Centro 2 Tabas 1 Tabas 2 
4 Storey 1.55 1.14 0.54 0.61 
6 Storey 1.63 1.28 0.55 0.66 
12 Storey A 1.61 1.43 0.54 0.77 
12 Storey B 1.59 1.44 0.56 0.78 
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Figure 5-25 Scaled acceleration response spectra for natural records 
5.13.3 Return period 2,500 years ground acceleration records 
3.5 
-- - Tabas2 
The natural ground acceleration records representing the 475 year return period earthquake 
were found suitable to represent a 2,500 year return period earthquake on the Wellington area when 
they are scaled by a factor of LSI. The two natural ground acceleration records which show the most 
critical structural response will be scaled and used to represent 2,500 years return period earthquakes 
I The selection of the records representing a 2,500 years return period earthquake was made under the advice 
from Doctor G. McVerry from the New Zealand Institute of Geological alld Nuclear Sciences. At the time this work 
was being written, studies were being made by Jian Zhang to adjust some records obtained ill Japan that would be 
better examples to represellt a large subduction zone such as that ill Wellingtol) but given time limitations they 
could not be included in this work 
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6. SIX STOREY BUILDING 
The maximum allowable inter-storey drift according to the Loadings Standard 4203:1992 
(Standards New Zealand. 1992) when designed using the equivalent static or modal methods of 
analysis, for a total height of the frame of 2004 m, is 1.82%. The corresponding limit for non-linear 
time-history analyses is 2.5%. 
6.1 Equivalent Static Analysis Results 
The fundamental period estimated using the Rayleigh method was 1.31 seconds. The 
calculated base shear for the equivalent static analysis was 732.2 kN and the calculated maximum inter-
storey drift for the equivalent static analysis after adding P-delta effects as recommended by the 
commentary for the Loadings Standard (Standards New Zealand. 1992) was 1.82%. Columns two and 
three in Table 6.1 show the resulting forces and inter-storey drifts from the equivalent static analysis 
respectively. The inter-storey drifts were reduced, as detailed in clause 4.8.1.5 of the Loadings 
Standard, NZS 4203: 1992 (Standards New Zealand. 1992). This reduction is made as the equivalent 
static method over-estimates the seismic displacements compared with those of the equivalent results 
allowed by a modal analysis. The resulting deflection was then scaled by the structural ductility factor 
to give the resultant inter-storey drift in column 3. It can be seen that because P-delta effects are 
included, a considerable increase in the global stiffness of the structure is needed to comply with the 
maximum permitted inter-storey drift requirements. If P-delta effects are not considered, the maximum 
inter-storey drift coming from the equivalent static analysis would be 1.27%, which is well below the 
allowable 1.82% for this structure. 
Table 6-1 Equivalent static analysis results for the six storey frame 
Eq static Eq. Static P-delta Eq static plus P-delta 
Storey Forces Inter-storey drifts Forces * Illter-storey drifts 
(kN) (%) (kN) (%) 
1 32.1 0.97 -23.5 1.37 
2 64.2 1.27 69.2 1.82 
3 96.2 1.19 75.2 1.65 
4 128.3 1.01 65.7 1.32 
5 160.4 0.78 47.2 0.94 
6 251.1 0.48 21.1 0.58 
};= 732.2 254.9 
* P-deltaforces have been multiplied by f3 factor. 
F 
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6.2 Modal Analysis Results 
The dynamic properties of the six storey frame are listed in Table 6.2. The square root sum of 
the squares (SRSS) modal combination method was used to find the design actions. 
Table 6-2 Dynamic properties of the 6 storey frame 
Effective mass % Mass Period Vnrax 
Mode 
(Tolllles) (Cumulative) (seconds) (kN) 
1 1128.0 84 1.31 593.3 
2 133.1 94 0.42 198.5 
3 48.6 97 0.24 72.6 
4 23.1 99 0.16 34.5 
5 10.3 100 0.12 15.4 
6 2.7 100 0.10 4.1 
:E= 1345.8 SRSS= 631.0 
Table 6.3 shows the modal combined inter-storey drifts, P-delta forces factorised by ~ and the 
total inter-storey drifts, which is the addition of combined modal and P-delta inter-storey drifts which 
are shown as a percentage of storey height. These drifts have been scaled for inelastic action as 
required in NZS 4203:1992 (Standards New Zealand. 1992). 
Table 6-3 Modal inter-storey drifts and P-delta forces of six storey frame 
Modal combilled P-delta Combined modal plus P-delta 
Storey Inter-storey drifts Forces * Illter-storey drifts 
(%) ("N) (%) 
1 0.96 -12.82 1.36 
2 1.21 76.95 1.74 
3 1.08 73.77 1.50 
4 0.88 59.01 LIS 
5 0.65 40.30 0.79 
6 0.38 16.69 0.44 
J:= 253.9 
* P-deltaforces are already multiplied by f3 factor. 
A minimum base shear of 2.4% of the total weight of the building should be considered when 
designing through a modal analysis according to NZS 4203:1992 (Standards New Zealand. 1992). The 
NZS 1170.5 draft increases this value so that for Wellington a minimum base shear of3.2% of the total 
weight of the building should be used. The new value for the minimum base shear is given by the 
following expression: 
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Vrnin =(:0 +O.02}O.8Wr 
where V min is the minimum base shear, Z is the zone factor and Wt is the total weight of the structure. 
The 0.8 factor applies only to regular buildings. 
6.3 N011-linear Time-histOlY Analyses Results 
Two sets of analyses were made for the 6 storey frame. In the first set (structure 6/6/E/T*), the 
design beam strengths were made equal to the values given by the modal analysis and calculated P-
delta actions. In the second set (structure 6/6/E/T), the beam strength was not allowed to fall below the 
strength corresponding to the minimum reinforcement ratio permitted in NZS 3101:1995 (Standards 
New Zealand. 1995). With this second set the strengths ofbearns at levels 3, 4, 5 and 6 were the same. 
Figures 6.1 and 6.2 show that the inter-storey drifts and maximum displacements are more critical for 
the 6/6/E/T frame than for the 6/6/E/T* frame when subject to the modified ground accelerations 
described earlier. In all the inter-storey drift graphics the units are in percentage of the storey height, 
the 2.5% inter-storey drift limit is marked by a vertical line and the y axis indicates the storey and not 
the level as stated in all the graphs, at which this inter-storey drift is acting. 
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Figure 6-1 Maximum inter-storey drifts of structures 6/6IEff and 6/61Eff* 
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Figure 6-2 Maximum displacements of structures 6/6/Err and 6/6/Err* 
It can be seen that for model 6/6/E/T, the upper storeys did not contribute as much to the 
dissipation of energy as those for frame 6/6/E/T*. This is deducted from the small inter-storey drifts 
and the small variation on maximum displacement that the upper storeys have in structure 6/6/EfT. 
Because real structures comply with minimum steel requirements and given that this is the 
more critical case, from here onwards the strength of the beams was not allowed to decrease below the 
value corresponding to the minimum reinforcement requirement. It should be noted that since one of 
the main objectives of this work is to assess the efficiency of different column design procedures, the 
minimum steel requirements were not considered in the design of the columns. 
Figure 6.3 shows the effects that P-delta actions have on structure 6/6/E/T. In this figure, the 
top floor displacement versus time and the inter-storey drift envelope both with and without P-delta 
effects are shown for the non-linear time-history analyses using the Modified El Centro EW and 
Modified TAFTl ground acceleration records. 
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Figure 6-3 Model 6/6fEff top floor displacement versus time and maximum inter-storey drifts with and without P-delta 
for ground acceleration records Modified El Centro EW and Modified TAFT! 
It can be seen that P-delta effects can have an important effect on the maximum inter-storey 
drifts, especially in the lower levels of the frame. In general, the greater the displacements the greater 
the P-delta influence. The maximum inter-storey drifts in figure 6.3 for the Modified El Centro EW 
ground acceleration record show an increment of 10% when P-delta effects are considered. This makes 
the maximum inter-storey drift at storey 1 to increase from 2.7% to 3.0%. In some cases the influence 
ofP-delta could be the difference between a structure that is near collapse and one that collapses. 
It is also important to evaluate P-delta effects when residual displacements are to be predicted. 
For a complete performance-based design, it is important to have control over the residual 
displacements (Pampanin et aL 2002). Figure 6.4 shows the residual displacements calculated for 
structure 6/6/E/T for the four modified records with and without P-delta effects. Note that the scale of 
the displacements on the horizontal axis is not the same for all graphs. 
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Figure 6-4 Residual displacements for structure 6/6/Err 
6.3.1 Comparison between frames modelled witlt a bilinear or a Takeda hysteretic rule 
Many previous analyses were made using a bilinear hysteretic rule. Hence to make use of this 
previous work it is necessary to have some idea of the significance of using a bilinear hysteresis instead 
of the more realistic Takeda hysteretic rule. To make an assessment of this, the 6/6/E/T model was 
reanalysed as a 6/6/E1B model that is using a bilinear hysteretic response using the four modified 
earthquake records. 
Table 6.4 shows that when P-delta effects are omitted, the difference of the maximum inter-
storey drifts from the non-linear time history analyses is not significant from structure 6/6/E/T to 
structure 6/6/EIB. If a ratio of Takeda over bilinear maximum inter-storey drifts is calculated for each 
floor and then averaged with the other records, the results would be 1.01, 1.02, 1.02, 0.98, 0.90 and 
0.89 for storeys 1 through 6 respectively. The maximum inter-storey drifts from levels one through four 
does not seem to be affected by the choice of hysteretic rule when P-delta effects are not included. 
Levels 5 and 6 tend to have a more critical inter-storey drift when using the bilinear hysteretic modeL 
The upper storeys are normally not the critical ones and the 11 % difference in the inter-storey drift at 
storey 6 comes from the difference of the averaged maximum inter-storey drift of 0.34% when using 
the Takeda hysteretic model and the 0.38% for the corresponding values using the bilinear model. For 
these structures, when P-delta effects are not considered, the more critical response depends on the 
ground acceleration record used in the analysis rather than the choice of hysteretic rule. 
Table 6.5 shows the inter-storey drifts when P-delta effects are considered. A trend can be 
observed with the more critical inter-storey drifts arising when the bilinear hysteretic model is used. If 
the same ratio as before is calculated for each level, the average would be 0.92, 0.93, 0.91, 0.87, 0.80 
and 0.77 for levels 1 through 6 respectively. A difference of close to a 10% occurs in the response of 
the 3 lower levels which are the more critical. 
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Table 6-4 Maximum inter-storey drifts without considering P-delta effects of model 6/6/Eff and 6/6/E/B 
Takeda Bilillear Takeda Bilillear 
Record Storey 
(%) (%) 
Record Storey 
(%) (%) 
1 1.28 1.45 1 2.71 2.39 
~ 2 1.42 1.56 "<:I 1.38 1.55 
'" 
." 3 ~ to 
~ ~ 4 1.06 1.22 
...... 
~ 5 0.59 0.70 
S:: 2 2.65 2.39 
"<:I ~ 3 2.26 2.06 
'" 
." S to ~ ~ 4 1.53 1.52 ~ 
~ 5 0.82 0.93 
6 0.30 0.33 6 0.41 0.44 
Takeda Bilillear Takeda Bilinear 
Record Storey 
(%) (%) 
Record Storey 
(%) (%) 
1 1.52 1.51 1 1.65 1.77 
f::: 2 1.48 1.55 
k, 
~ 2 1.88 1.68 
k, 
;:s 3 1.28 1.33 ;:s 3 1.93 1.68 
"<:I 
0.96 1.11 
'" 
4 S 
"<:I 
0.50 0.73 ~ 5 
":l 
'" 
4 1.51 1.29 S 
":l 
0.86 ~ 5 0.73 
6 0.26 0.37 6 0.38 0.38 
Table 6-5 Maximum interstorey drifts considering P-delta effects for models 6/6/Eff and 6/6/E/B 
Takeda Bilinear Takeda Bilinear 
Record Storey 
(%) (%) 
Record Storey (%) (%) 
1 1.42 1.83 1 3.06 2.97 
." 
to 2 1.50 1.92 ~ 3 1.38 1.84 ~ ~ ":l 4 1.03 1.35 
'" :s, 
~ 5 0.56 0.71 ~ 6 0.28 0.31 
." 
to 2 2.94 2.70 ~ 
~ S:: 3 2.35 2.23 
"<:I ~ 4 1.54 1.56 
'" S ~ 5 0.91 1.07 ~ 6 0.41 0.51 
Takeda Bilinear Takeda Bilinear 
Record Storey 
(%) (%) 
Record Storey 
(%) (%) 
1 1.88 1.73 1 1.83 2.28 
f.:: 2 1.69 1.78 
k, 
~ 2 1.99 2.20 
k, 
~ 3 1.43 1.59 ~ 3 1.90 2.04 
"<:I 
1.01 1.26 
'" 
4 S ~ 5 0.52 0.78 ." ~ 
":l 
'" 
4 1.41 1.49 ~ 
~ 5 0.84 0.96 
6 0.22 0.38 6 0.36 0.45 
<p 
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6.3.2 Comparison between frames modelled with different ductilities 
A series of analyses were made to investigate the influence of the design structural ductility 
factor on the maximum displacements. The 6 storey frames 6/6/E/T, 6/4/E/T, 6/2/E/T and 6/1/E/T, all 
have the same cross-sections, but their individual strengths were found using structural ductility factors 
of 6, 4, 2 and 1 respectively (as the highlighted numbers indicate). In all cases the columns were elastic 
except at the bases where a plastic hinge was allowed to develop in each column. 
Figure 6.5 and 6.6 show the maximum displacements and inter-storey drifts resulting from 
non-linear time-history analyses of models 6/6/E/T, 6/41E1T, 6/21E/T and 6/1/E/T using the modified 
ground acceleration records with P-delta effects. These models are identified in the graphs by the 
ductility factor assumed in the design. 
It is important to have in mind that these ground acceleration records are modified to fit the 
design acceleration response spectra and a similar response from one to another was expected. This did 
hold for three of the records, but not for the Modified El Centro EW record, where the response seems 
to be more critical. When designing a multi-degree of freedom structure, the choice of ground 
acceleration records should be carefully studied given that the frequency content of the record can have 
a significant influence even if the acceleration response spectra for the ground motions in question are 
similar. 
Modified EI Centro NS Modified EI Centro EW Modified TAFTI ModlfiedTAFT2 
0.2 0.4 o 0.2 0.4 0.2 0.4 0.2 
Normalized displacement Normalized displacement Normalized displacement Normalized displacement 
0.4 
-t-d=6 -m-d=4 -.h-d=2 -»-d=1 ......-d=6 -e-d=4 -.!r-d=2 -+E--d=1 -+-d=6 -d=4 -tr-d=2 -l'l-d=1 -+-d=6 --d=4 -tr-d=2 -M-d=1 
Figure 6-5 Maximum displacements for six storey models designed to different ductilities 
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Figure 6-6 Maximum inter-storey drifts for six storey models designed to different ductilities 
Figure 6.7 shows the averaged inter-storey drifts and maximum displacements sustained with 
the four different records, both with and without P-delta effects. For these structures, the greatest 
difference in the maximum inter-storey drifts is at the lower levels. The variation on the maximum 
storey displacement and the displaced shape is small. The influence to the response of the strength of 
the beams at the upper levels should not be overlooked. Table 6.6 shows the ratio of the response with 
P-delta over that without P-delta for the maximum inter-storey drifts and displacements respectively. 
The lower levels show a difference in the maximum inter-storey drifts from 4% to 8 % for ductilities of 
1, 2 and 4 and up to 14% for a ductility of 6. This shows again the illl'1uence that P-delta actions have 
for high ductility levels. The reader should have in mind that even though non-linear time-history 
analyses are run with and without P-delta effects, all structures were designed to sustain P-delta effects 
and the strength of its element was chosen accordingly. If one were to compare the response of a 
structure designed to sustain P-delta effects and one that is not, the difference would be much greater. 
Table 6-6 Ratio between maximum displacements and inter-storey drifts with P-deIta effects over maximum 
displacements and inter-storey drifts without P-delta effects for different ductilities 
Illter-storey drifts ratio Maximum displacemeltts ratio 
Storey /1=6 /1=4 /1=2 /1=1 Storey /1=6 /1=4 /1=2 
1 1.14 1.06 1.08 1.07 1 1.14 1.06 1.08 
2 1.09 1.05 1.03 1.04 2 1.12 1.05 1.06 
3 1.03 1.05 1.01 1.02 3 1.09 1.06 1.03 
4 0.99 0.99 0.99 1.00 4 1.06 1.05 1.02 
5 1.02 0.98 0.98 0.98 5 1.05 1.04 1.01 
6 0.95 1.01 0.97 0.96 6 1.04 1.04 1.01 
/1=1 
1.07 
1.06 
1.03 
1.02 
1.02 
1.02 
3 
J 
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Averaged values without P-delta. 
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Figure 6-7 Averaged inter-storey drifts and maximum displacements for models 6/6fErr, 6/4/Err, 6/2fErr and 6/1fErr 
with and without P-delta 
When evaluating P-delta effects using the commentary to the Loadings Standard (Standards 
New Zealand. 1992) it is suggested that P-delta induced forces should be calculated using the 
maximum displacements. To verify if there would be a difference between assessing P-delta forces 
using the maximum displacements or the maximum inter-storey drifts, a comparison was made 
between the maximum inter-storey drifts and the inter-storey drifts resulting from the envelope 
deflected shapes for the non-linear time-history analyses using the four modified ground acceleration 
records including P-delta effects. Table 6.7 shows the average value for this comparison using models 
6/6/E/T, 6/41E1T, 6/21E1T and 6/11E/T for the four modified ground acceleration records. The averaged 
inter-storey drifts coming from the envelope displacements are very similar to the averaged maximum 
inter-storey drifts at the lower levels where P-delta effects are more critical and hence the difference 
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between assessing P-delta effects with maximum displacements or maximum inter-storey drifts would 
be negligible. 
Table 6-7 Comparison between maximum displacement and maximum inter-storey drifts 
Disp. / Drift 
Storey 
Jt=6 Jt=4 Jt=2 Jt=l 
1 1.00 1.00 1.00 1.00 
2 0.99 0.97 0.99 0.99 
3 0.94 0.98 0.93 0.91 
4 0.87 0.95 0.93 0.93 
5 0.78 0.87 0.93 0.95 
6 0.56 0.70 0.84 0.91 
6.3.3 Axial load variation of interior columns 
Because only the rotations of interior columns will be further studied, some analyses were 
made to verify the axial load variation in them. For information on the axial load variation of exterior 
columns refer to previous works (Kelly 1974; Lindup 1975; Moss and Carr 1980; Row 1973; 
Tompkins 1980). 
Given the regular configuration of the frame and the low axial gravity load acting on the 
columns, the axial load variation when a non-linear time-history analysis is run was expected to be 
small. 
Table 6.8 shows the design axial loads and the maximum and minimum axial loads at an 
internal column from the non-linear time-history analyses using the four modified ground acceleration 
records. These results are for model 6/6/3101IT. It can be seen that the interior columns remain in 
compression at all times as expected. The most critical axial load will be the one with the lowest 
compression. 
Table 6-8 Axial load variation in non-linear time-history analyses 
Groulld acceleratioll record 
(All loads are ill kN) 
Level Desig1l load 
1 2 3 4 
Max Mill Max Mill Max Mill Max Mill 
1 -512.5 -485.2 -572.2 -501.0 -589.4 -511.0 -595.6 -515.3 -578.3 
2 -425.5 -424.9 -471.8 -407.9 -478.6 -427.6 -482.1 -420.7 -476.0 
3 -344.0 -336.1 -373.6 -315.1 -380.0 -341.2 -383.9 -331.4 -381.0 
4 -259.7 -239.2 -274.6 -224.4 -286.0 -250.4 -288.0 -239.9 -285.1 
5 -177.0 -144.3 -182.3 -131.8 -192.4 -162.0 -190.0 -148.9 -190.1 
*Negatlve Sigfl lIIdlcates compreSSIOIl. 
;p 
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Table 6.9 shows the relation between the design axial load and the maximum axial load 
(which represents the lowest compression) for each record, the design reinforcing steel content for each 
level (P desigll ) and the steel content needed if the columns would have been designed using the most 
critical axial load from the non-linear time-history analyses. It is clear that the variation of axial load 
had little effect on the column. 
Table 6-9 Reinforcement ratio variation for most critical axial load in interior columns for non-linear time-history 
analyses 
Desigll / Max Steel cOlltellt 
Grollnd acceleratio1l record P desigll Pllew 
Level I 2 3 4 
1 1.06 1.02 1.00 0.99 0.0170 0.0173 
2 1.00 1.04 1.00 1.01 0.0207 0.0210 
3 1.02 1.09 1.01 1.04 0.0180 0.0183 
4 1.09 1.16 1.04 1.08 0.0205 0.0207 
5 1.23 1.34 1.09 1.19 0.0183 0.0185 
6.3.4 Comparison between/rames with different column strengths 
In this section a summary of the results from the non-linear time-history analyses of models 
6/6/E/T, 6/6/310 lIT and 6/6I1l70/T using the eight ground acceleration records described in section 
5.13.2 is presented. The main characteristics of these models are listed below. For more details on the 
properties of the structures see section 5.1 and appendix A. 
1. Structure 6/6/EIT 
III Designed to a ductility of 6 
III All beams comply with minimum steel requirements 
.. Beams at levels 3, 4,5 and 6 have the same strength 
III Columns are elastic except at the base 
.. A Takeda hysteretic model is used for all elements 
2. Structure 6/6/31011T 
.. Designed to a ductility of 6 
III All beams comply with minimum steel requirements 
.. Beams at levels 3, 4, 5 and 6 have the same strength 
OJ Columns are designed to NZS 3101 :1995 (Standards New Zealand. 1995) 
.. A Takeda hysteretic model is used for all elements 
3. Structure 6/6111701T 
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" Designed to a ductility of 6 
" All beams comply with minimum steel requirements 
" Beams at levels 3,4, 5 and 6 have the same strength 
.. Columns are designed to NZS 1170.5 draft for limited protection against plastic 
hinges 
.. A Takeda hysteretic model is used for all elements 
Appendix B, part one, shows the response of structures 6/6/E/T, 6/6/3101lT and 6/6/11701T 
fl'om the non-linear time-history analyses using each of the selected ground acceleration records. The 
results given in tIus appendix for each structure for each of the ground acceleration records are: 
1. The maximum base shear with and without P-delta effects 
2. A graph and the values of the maximum inter-storey drifts with and without P-delta 
effects 
3. A graph showing the maximum displacements with and without P-delta effects 
4. The maximum rotation of plastic hinge on the left side of the beams in the central span 
5. The maximum rotation of the plastic hinge on one of the interior columns for levels one 
through six. 
The rotations column rotations are reported at ground level (G. L.) and below and above the 
beam face at all levels. P-delta effects are always considered to act in the calculations for the maximum 
rotations. 
6.3.4.1 Base shear 
Table 6.10 shows the average peak base shear and the standard deviation for the 8 records 
without and with P-delta effects respectively. It shows as well the Equivalent static and combined 
modal base shear values and the sum ofthe forces added in each analysis to account for P-delta effects. 
Table 6-10 Base shear summary for structures 6/6fErr, 6/6/3101rr and 6/6/1l70rr 
6/6/E/T 6/6/310l/T 6/6/1170/T 
Eq. 
Modal 
Static 
(kN) (kN) (kN) 
Std. Std. Std. 
Average 
Dev. 
Average Average 
Dev. Dev. 
(kN) 
(kN) 
Without 
Base shear 732.2 631.0 1411.1 86.5 1326.4 64.0 
PD 1418.3 88.9 
P-iJ. 
254.8 253.9 With PD 1579.6 193.7 1443.9 120.8 
induced* 1584.9 199.7 
1:= 987.0 884.9 
*P-deltaforces are already multiplied by thefactor fl. 
An increase of around two fold for the modal base shear is observed when compared to the 
averaged results from the non-linear time-history analyses when P-delta effects are considered. The 
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increase in base shear above the design level comes from the difference in shear distribution over the 
length of the building observed in the elastic analyses (equivalent static and modal) and the strength 
increases in the beam due to the strength reduction factor, the minimum longitudinal reinforcement 
requirements and strain hardening of the reinforcement. This observed increase in the base shear should 
not represent a problem if the columns have enough shear strength to sustain it. Appendix C shows the 
effect that damping forces have on the base shear. It can be seen that damping forces have a 
considerable magnitude and the peak base shear values could be significantly affected by them. 
Immediately after the time when maximum base shears are present, the structure reverses its direction 
which means that at that point its velocity is close to zero so that the damping forces are minimal. 
For structures 6/6/E/T, 6/6/31011T and 6/6111701T the increase on the average peak base shear 
when P-delta effects are considered is of 11.7%, 11.9% and 8.8 % respectively compared to that when 
P-delta is not considered. There is a small difference in the average peak base shear between structures 
6/6/E/T and 6/6/310 liT which represents the little inelastic behaviour shown in columns of model 
6/6/31011T. As expected, there is a reduction when comparing the averaged maximum base shear from 
structure 6/6/310 liT to that from structure 6/6/1170/T. This reduction can be related to the energy 
dissipation coming from the plastic hinging in colunms above the base. When the average maximum 
base shear for the three structures using the four modified records are compared with the corresponding 
values for the four natural records it is found that the fmIDer are 7%, 11 % and 8% greater than the latter 
for each of the structures respectively. 
6.3.4.2 Inter-storey drifts 
Table 6.11 shows the average maximum inter-storey drifts for the eight ground acceleration 
records with P-delta effects for structures 6/6/E/T, 6/6/310 lIT and 6/6/1170/T and its standard 
deviation. The average at all levels is below the accepted 2.5% being the most critical value the 2.02% 
inter-storey drift of structure 6/6/1170/T. The most critical averaged maximum inter-storey drift of of 
structures 6/6/E/T and 6/6/31011T (1.68% and 1.81% respectively), do not exceed the maximum inter-
storey drift limit of 1.82% for the elastic analyses for these structures. The averaged maximum inter-
storey drift of structure 616/1170/T exceeds this limit by 11 %. 
Table 6-11 Average maximum inter-storey drifts and standard deviations considering P-delta effects using eight ground 
acceleration records for structures 6/6fErr, 6/6/3101rr and 6/6/1170rr 
616/E1T 616131011T 616111701T 
-
Avg. Std dev. Arg. Std. dev. Avg. Std. dev. 
Level (%) (%) (%) (%) (%) (%) 
1 1.57 0.60 1.75 0.73 1.34 0.77 
t:J 
.:::: 2 1.68 0.49 1.81 0.59 1.83 0.71 {l 
~ 3 1.54 0.38 1.60 0.43 2.02 0.56 
..:: 
~ 4 1.18 0.27 1.15 0.24 1.68 0.40 
5 0.71 0.19 0.68 0.18 0.75 0.19 
6 0.36 0.08 0.37 0.10 0.40 0.10 
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Table 6.12 shows the ratio between the averaged maximum inter-storey drift with P-delta 
effects over the corresponding value without P-delta effects. An increase of 12% for structures 6/6/Err 
and 6/6/31 o liT and 15% for structure 6/611170rr is observed when P-delta effects are considered. 
Figure 6.8 shows the maximum inter-storey drifts from the non-linear time-history analyses 
using the eight records for the three structures, considering P-delta effects. The average of these values 
is also illustrated. Structures 6/6/3 10 liT and 6/6/1170/T only exceeded the 2.5% maximum inter-storey 
drift limit when using the modified El Centro EW ground acceleration record. The high ductilities 
shown in the lower storeys, represented by the high inter-storey drifts, create a base isolation effect at 
the upper storeys. Appendix D shows the displacement response spectra for the ground acceleration 
records in an attempt to explain the scatter of the inter-storey drifts and displacements. 
Table 6-12 Comparison between the maximum average intel'-storey drifts with P-delta and without P-delta for structures 
6/61EfT, 6/6/3101fT and 6/6/1170fT 
Averaged maximum Illter-storey drifts 
With P-delta / Without P-delta 
Level 6/6/EIT 6/6/3101IT 6/6/1170IT 
1 1.12 1.12 1.10 
2 1.08 1.09 1.13 
3 1.03 1.03 1.15 
4 1.00 0.98 1.08 
5 0.98 0.97 0.92 
6 0.94 0.93 0.93 
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Figure 6-8 Maximum inter-storey drifts and its average fOI' the non-linear time-history analyses of structures 6/6/3101fT 
and 6/6/1170fT with P-delta effects 
Table 6.13 shows a comparison of the averaged maximum inter-storey drifts coming from the 
four non-linear time-history analyses using the modified ground acceleration records and the 
F 
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corresponding values obtained using the natural ground acceleration records. Structures 6/6/3101 fT and 
6/6/1170fT show an increase of up to 42% and 62% respectively when using the modified records. 
Table 6-13 Averaged maximum inter-storey drifts using the modified ground acceleration records compared to those 
using the natural ground acceleration records for structures 6/6/Eff, 6/6/3101ff and 6/61l170ff 
Level 616/E17' 6161310117' 6161117017' 
Modified 1 Natural Modified 1 Natllral Modified 1 Natllral 
1 1.40 1.42 1.62 
2 1.28 1.30 1.43 
3 1.26 1.26 1.26 
4 1.13 1.11 1.09 
5 1.03 1.05 0.84 
6 0.87 0.81 0.89 
6.3.4.3 Maximum displacements 
Table 6.14 shows the averaged envelope displacements and standard deviations of structures 
6/6/E/T, 6/6/310 1fT and 6/6/1170fT from the non-linear time-history analyses using the eight ground 
acceleration records considering P-delta effects. The results from structures 6/6/E/T and 6/6/3IOllT 
show no significant variation. 
Table 6-14 Averaged maximum displacements of structures 6/61Eff, 6/6/31 Olff and 616/1 170n: with P-delta effects 
6161£17' 6161310117' 6161117017' 
Std Std Std 
Level Average Average Average 
Deviation Deviation Deviation (m) 
(m) 
(m) 
(m) (m) (m) 
I 0.060 0.024 0.059 0.025 0.046 0.026 
2 0.121 0.044 0.121 0.045 0.106 0.051 
3 0.172 0.056 0.173 0.058 0.171 0.068 
4 0.206 0.063 0.207 0.063 0.226 0.076 
5 0.225 0.066 0.225 0.066 0.246 0.078 
6 0.232 0.067 0.232 0.068 0.253 0.079 
Figure 6.9 shows a comparison between the averaged envelope of displacements found in the 
non-linear time-history analyses considering P-delta effects for structures 6/6/EfT, 6/6/3101lT and 
6/6/1170/T and the inelastic displacements considering P-delta effects for the combined modal analysis. 
There is a maximum increase of 28% on the first level when the averaged maximum displacements are 
compared to the modal with P-delta displacements of structures 6/6/E/T and 6/6/31 OifT. For structure 
6/6/1170fT a maximum increase of up to 10% on the 5th level is observed. 
50 
Displacement (m) 
-Modal+PD --.Ir- Elastic columns 
-*- 3101 columns -G-1170 columns 
Figure 6-9 Non-linear time-histol'Y analyses averaged maximum displacements of structures 6/6IErr, 6/6/3101rr and 
6/6/1170rr considering P-delta effects compared to modal displacements plus P-delta effects 
Figure 6.10 illustrates the scatter of maximum displacements for the eight ground acceleration 
records and the modal plus P-delta actions deformed shape. Again the amplification of the response 
when using the modified ground acceleration records can be observed when compared to the response 
when using the natural ground acceleration records. 
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Figure 6-10 Maximum displacements of structures 6/6/3101/T and 6/6/1170rr for eight ground acceleration records 
6.3.4.4 Beam rotations 
The maximum curvature of the elements for the non-linear time-history analyses was obtained 
directly from the structural analysis program (Carr 2003). Hence, the maximum rotations were 
calculated by multiplying the maximum curvature of the element by the length of its corresponding 
plastic hinge. 
F 
J 
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In this section, the maximum beam rotations from the non-linear time-history analyses are 
compared with the design beam rotations implied in the equivalent static and modal analyses. To obtain 
the rotations from the equivalent static and modal analyses, the following procedure was followed. 
To find the total rotation demand of a plastic hinge in a beam of a frame when subject to a 
static lateral load, the beam rotation induced from both the elastic and the inelastic deformations need 
to be individually assessed and then added together. As shown in figure 6.11.a, when a frame structure 
is subject to a lateral force, the rotations while the structure remains on the elastic range are taken by 
the beams and the columns. Once inelastic behaviour is reached, the rotations concentrate on the plastic 
hinge zones (figure 6.11. b ). 
(a) Elastic deformation 
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(b) Plastic deformation 
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Figure 6-11 Elastic and inelastic deformed shape of a frame 
The plastic rotation in a beam plastic hinge zone can be calculated by considering the 
deformed shape assuming that all angles are small. Thus, with reference to Figure 6.11.b, the plastic 
rotation, Bplastic, is given by: 
eplastic 
.6. plastic L 
---'---x-
H L' 
where LJplastic is the plastic lateral displacement, H is the storey height, L is the distance between column 
centrelines and L ' is the distance between column faces. 
To assess the plastic rotation from an equivalent static or a modal analyses, the plastic inter-
storey drift (LJplastic I H) is obtained by mUltiplying the maximum inter-storey drift by fJ. - 1, where !l is 
the design ductility factor. 
The allowable inter-storey drift limits applying to an equivalent static or a modal analysis 
differ from the limit for a non-linear time-history analysis. The reason for this is that elastic based 
methods of analysis have been found to underestimate inter-storey drifts. In order to compare the 
design rotations from an elastic analysis to those from a non-linear analysis, the elastic rotations should 
be scaled by a factor!, of: 
f = ID Plastic / 
!IDElaslic 
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where JDplastic is the maximum allowable inter-storey drift for the non-linear analysis and IDEI,slic the 
maximum allowable inter-storey drift for an elastic analysis. 
Table 6.15 shows the total beam rotation demand from the equivalent static and modal 
analyses multiplied by the factor f described earlIer of 1.37 (2.5/1.82 == 1.37). The average of the 
maximum beam rotations for the non-linear time-history analyses using the eight ground acceleration 
records for structures 6/6/E/T, 6/6/31 01/T and 6/6/1170/T and its standard deviations are also shown. In 
all cases when calculating the rotations, P-delta effects were considered. These same average maximum 
beam rotations are shown in figure 6.12. 
Table 6-15 Equivalent static and modal analysis beam ,'otation demand and average of maximum beam rotations and 
standard deviations f"om the non-linear time-history analyses of structures 6/6IEfT, 6/6/3101fT and 6/6/11701T 
6/6/1170/T Eg. 
Modal 
6/6/E/T 6/6/3 1 OllT 
static 
'Level rotations 
Average Std. Average Std. Average Std. 
rotations rot. Dev. rot. Del'. rot. Del'. 
(rad) 
(rad) 
(rad) (rad) (rad) (rad) (rad) (rad) 
1 0.0185 0.0184 0.0165 0.0072 0.0164 0.0072 0.0116 0.0074 
2 0.0243 0.0232 0.0157 0.0053 0.0159 0.0056 0.0160 0.0055 
3 0.0219 0.0200 0.0128 0.0036 0.0125 0.0031 0.0155 0.0035 
4 0.0177 0.0155 0.0076 0.0024 0.0075 0.0023 0.0046 0.0021 
5 0.0128 0.0109 0.0031 0.0015 0.0030 0.0014 0.0005 0.0000 
6 0.0082 0.0064 0.0004 0.0001 0.0003 0.0000 0.0001 0.0000 
0.005 0.01 0.015 0.02 0.025 
Rotation (rad) 
~Eq Slatic ~Modal ~6/61Err --+--6/6/3101rr --6/6/1170rr 
Figure 6-12 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations from 
the non-linear time-history analyses of structures 6/6/EfT, 6/6/3101fT and 6/6/11701T 
From this it is clear that the average beam rotation demand for the three structures is below the 
beam rotation demand from both the equivalent and modal analyses. 
J 
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Again, the difference between averaged maximum beam rotations of structures 6/6/E/T and 
6/6/31011T show no significant variation. The average maximum beam rotations of structure 
6/6/31011T and 6/6/1170/T show that for the first storey the beam rotation demand is greater by up to a 
42% for model 6/6/3101IT. At the second storey the rotations for both models are very similar and at 
the third storey structure 6/6/1170/T shows a 19% greater beam rotation demand. At the upper half of 
the structure, the averaged maximum beam rotations of model 6/6/310 l/T are much greater than for 
model 6/6/1170/T. The beam rotations at level six are small given that yielding of columns is allowed 
on the top floor. 
The maximum beam rotation for both structures 6/6/310 l/T and 6/6111701T were obtained 
when using the modified record EI Centro EW. If the beam rotations from this record are compared to 
those from the equivalent static analysis, the two lower levels exceed the design beam rotations by 39% 
and 12% for structure 6/3/3101/T and 27% and 8% for structure 6/6/1170/T. Above level 3 beam 
rotations are below those from the equivalent static and modal analyses for all ground acceleration 
records. 
Figure 6.13 shows the maximum beam rotations of structures 6/6/31Ol/T and 6/611170/T for 
the non-linear time-history analyses using the eight ground acceleration records. This illustrates how 
scattered the rotations are, especially in the bottom half of both structures. Table 6.16 shows the 
averaged maximum beam section ductility for the eight non-linear time-history analyses of structures 
6/6/EIT, 6/6/31011T and 6/611170/T. Maximum section ductility values of close to 20 are observed for 
the three structures. 
616131011T 616111701T 
•• 0 
2 
c • c • 0 
0.005 0.01 0.015 0.02 0.025 0.03 0.005 0.01 0.Q15 0.02 0.025 0.03 
MaXimum beam rotation (rad) Maximum beam rotation (rad) 
-Average c M EIC.NS . MEIC.EW -Average c M EIC. NS • M. EIC. EW 
0 M TAFf1 0 M TAFT2 . EIC1 0 M. TAFT1 0 M TAFT2 . EIC1 
. EIC2 . Tabas1 - Tabas2 . EIC2 . Taba51 - Taba52 
Figure 6-13 Maximum beam rotations of structures 6/6/31 our and 6/6/1170rr from non-linear time-history analyses 
6.3.4.5 Interior column rotations 
The maximum column rotations from the non-linear time-history analyses were obtained by 
multiplying the maximum curvature value supplied by the structural analysis computer program by the 
length of its corresponding plastic hinge. The yield rotation values were calculated with the help of a 
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Table 6-16 Average of maximum beam section rotation ductilities 
Eq static Modal 
Level 
6/6/E/T 6/6/3101/T 6/6/1170/T 
S~ S~ S~ S~ S~ 
1 22.3 22.1 19.8 19.7 13.9 
2 30.0 28.7 19.3 19.6 19.8 
3 32.9 30.0 19.2 18.8 23.3 
4 26.5 23.2 11.3 11.2 7.0 
5 19.2 16.3 4.6 4.5 0.8 
6 12.2 9.5 0.5 0.4 0.2 
spread sheet. Table 6.17 shows the yield rotation, ~" the averaged maximum rotation for the eight non-
linear time-history analyses, its standard deviation and the averaged maximum curvature section 
ductility, S~, for an interior column of structures 6/6/310 liT and 6/6/1170/T respectively. For structure 
6/6/310 liT, the restriction for the formation of plastic hinges in columns except at the base and the top 
floor was closely met by the averaged maximum rotation values which show a section rotation ductility 
lower than 2. For structure 6/6/1170/T that allows for inelastic behaviour of columns, the greatest 
column section ductility was at level 4 rather than at the base of the column. As mentioned before, the 
maximum rotations fl:om the non-linear time-history analyses were obtained considering P-delta effects. 
Table 6-17 Interior columns design yield rotation, averaged maximum rotation and standard deviation for eight ground 
acceleration records' for structures 6/6/3101rr and 6/6/1170rr 
616131011T 616111701T 
By Avg. rot Std. dev. 
(rad) (rad) (rad) 
Sp 
level By Avg. rot Std. dev. 
(rad) (rad) (rad) 
Sp 
G.L. 0.0012 0.0153 0.0071 12.27 0.0012 0.0116 0.0071 9.34 
1 Below 0.0011 0.0011 0.0002 0.92 0.0012 0.0013 0.0002 1.05 
1 Above 0.0011 0.0014 0.0002 1.25 0.00)2 0.0070 0.0002 5.77 
2 Below 0.0011 0.0015 0.0003 1.33 0.0012 0.0038 0.0003 3.15 
2 Above 0.0011 0.0012 0.0002 1.03 0.0012 0.0047 0.0002 3.88 
3 Below 0.0011 0.0021 0.0018 1.95 0.0012 0.0059 0.0018 5.02 
3 Above 0.0011 0.0010 0.0002 0.87 0.0012 0.0033 0.0002 2.79 
4 Below 0.0011 0.0015 0.0002 1.37 0.0011 0.0122 0.0002 10.89 
4 Above 0.0011 0.0007 0.0001 0.66 0.0011 0.0034 0.0001 3.04 
5 Below 0.0011 0.0013 0.0002 1.21 0.0011 0.0070 0.0002 6.51 
5Above 0.0011 0.0006 0.0001 0.51 0.0011 0.0031 0.0001 2.83 
6 Below 0.0009 0.0025 0.0012 2.76 0.0009 0.0049 0.0012 5.27 
Figure 6.14 shows the column yield rotation and the maximum rotation from the eight non-
linear time-history analyses of structure 6/6/31 o liT. The maximum column rotations below the beam at 
J 
----------
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level three show a great dispersion that affects considerably the average maximum rotation and the 
standard deviation at this level. The maximum section rotation ductility for colunm sections below the 
beam is of 5.9 at level 3 when using the modified ground acceleration record El Centro EW. The 
maximum section rotation ductility for colunm sections above the beam is of 1.6 at level 1 when using 
the ground acceleration record El Centro 2. 
6/6/3101/T 
Columll maximum rotatiolls below the beam Columll maximum rotations above the beam 
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Figure 6-] 4 Maximum column rotations for non-linear time-history analyses to structure 6/6/31011T 
Figure 6.15 shows the colunm yield rotation and the maximum rotation from the eight non-
linear time-history analyses of structure 6/6/1170rr. The maximum section rotation ductility for 
colunm sections below the beam is of 16 at level 4 when using the ground acceleration record TAFT 2. 
The maximum section rotation ductility for column sections above the beam is of 8.0 at level 1 when 
using the modified ground acceleration records El Centro EW and TAFT 2. 
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Figure 6-15 Maximum column rotations for non-linear time-history analyses to structure 6/6/1170rr 
Figure 6.16 compares the average maximum column rotation values below and above the 
beams, for the non-linear time-history analyses of structures 6/6/3101/T and 6/6/1170/T. For both 
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structures, the column rotations below the beams show a considerable increase at levels 3 to 5 from 
those above the beams. 
o 
6161310111' 
0.0005 0.001 0.0015 0.002 0.0025 
Rota tion (rad) 
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6161117011' 
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o 0.005 0.01 0.015 
Rotation (rad) 
-+-Below -m-Abo\e 
Figure 6-16 Comparison between average maximum rotations below and above the beam for structures 6/6/3101rr and 
6/6/1170rr 
6.3.5 Earthquake return period 0/2,500 years 
The response of structures 6/6/310 lIT and 6/6/1170/T for non-linear time-history analyses 
when using ground acceleration records EI Centro 1 and Tabas 1, scaled to represent a 2,500 years 
return period earthquake as described in section 5.13.3, was obtained. Tables 6.18 and 6.19 summarize 
the response of these analyses. 
If the maximum base shear obtained using ground acceleration record EI Centro 1 with a 475 
years return period is compared to that using the same record but scaled to match a 2,500 years return 
period earthquake, an increase in the maximum base shear of 32% and 42% for structures 6/6/31011T 
and 6/6/1170/T respectively is observed. 
The maximum inter-storey drifts when using record El Centro 1 scaled to a 2,500 years return 
period earthquake are 4.3 % and 4.8 % for structures 6/6/3 101 /T and 6/6/117 O/T. F or inter-storey drifts 
of this magnitude, collapse can be avoided with proper detailing and an adequate distribution of the 
rotations of members. The response of both structures to ground acceleration Tabas 1 when scaled to a 
2,500 years return period earthquake was satisfactory. The maximum inter-storey drifts when using this 
record were 3.2% and 3.6% for structures 6/6/31011T and 6/6/1170/T. 
Even though the maximum inter-storey drifts of structure 6/6/1170/T were higher than those 
of structure 6/6/310 liT when using both records scaled to represent a 2,500 year return period 
earthquake, the maximum beam rotations were smaller. This difference in the beam rotations could 
mean the difference between collapse and survival. It is interesting to notice the difference of 
J 
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magnitude in beam rotations between the lower half of the building and the upper half. This is caused 
partly because of the additional strength given to the upper levels in order to comply with the minimum 
steel requirements. 
Table 6-18 Result comparison between models 6/6/3101ff and 6/6/11701T for EI Centro 1 ground acceleration record 
scaled to match a 2,500 years return period earthquake 
EL Cel/tro 1 
6/6/310111' 6/6/117011' 
Maximum base shear Maximum base shear 
(kN) (kN) 
With P-LI 2317.8 2166.9 
6 
'"' 6 AX 
5 
" 5 x A 
4 XA 
4 x A 
~ S w {j w ~ 3 XA 
~ ~ 3 x • -J 
... 
-J 
<;::, 
t:; 2 A X 
.!.. 2 
" !l 
.::; 
1 • x 
1 • x 
0 
0 0 1 2 3 4 5 
0 1 2 3 4 Inter-storey drift (%) 
Inter-storey drift (%) 
• w/o PO xwPO 
• w/o PO xwPO 
6 6 
5 5 
~ 4 4 
~ 
~ w w 
~ ~ 3 ~ 3 
a. -J 
-J 
~ 
is 2 2 
::: 
.5 
~ 1 1 
0 0 
0.000 0.200 0.400 0.600 0.000 0.200 00400 0.600 
Displacement (m) Displacement (m) 
-ir-w/o PO ~wPO -Jr-w/o PO --><- w PO 
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EL Cel/tro 1 
616131011T 616111701T 
Level 
Cel/tral spall beam rotation Central spall beam rotation 
(rad) (rad) 
1 0.0425 0.0349 
2 0.0373 0.D317 
3 0.0289 0.0248 
4 0.0185 0.0092 
5 0.0130 0.0005 
6 0.0003 0.0001 
Interior column rotation Interior COIUIIIII rotatioll 
(rad) (rad) 
G.L. 0.0396 0.0437 
1 Below 0.0019 0.0135 
1 Above 0.0019 0.0200 
2 Below 0.0136 0.0281 
2 Above 0.0014 0.0142 
3 Below 0.0080 0.0212 
3 Above 0.0010 0.0071 
4 Below 0.0094 0.0209 
4 Above 0.0012 0.0032 
5 Below 0.0023 0.0115 
5 Above 0.0007 0.0033 
6 Below 0.0111 0.0051 
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Table 6-19 Result comparison between models 6/6/3101ff and 6/6/1170rr for Tabas 1 ground acceleration record scaled 
to match a 2,500 years return period earthquake 
Tabas 1 
616131011T 616111701T 
Maximum base shear lVlaximulII base shear 
(kN) (kN) 
With P-LJ. 1922.0 1721.0 
6 X4 6 
"" 
5 x .. 5 :.to 
4 XA 4 .. 
$ c;; c;; {j ~ 3 AX ~ 3 .. x 
~ ...J ...J 
... 
~ 2 • x 2 • x ~ 
.:; 
1 .. x 1 x 
a a 
a 1 2 3 4 a 1 2 3 4 
Inter-storey drift (%) Inter-storey drift (%) 
.. WiD PD xwPD .. w/oPD xwPD 
6 6 
5 5 
tJ 4 4 
~ 
:: c;; c;; ~ 
u ~ 3 ~ 3 
,SJ 
-.J -.J ~ ~ 
::: 2 2 
::! 
.S 
~ 1 1 
a a 
0.000 0.200 0.400 0.600 0.000 0.200 G.400 0.600 
Displacement (m) Displacement (m) 
-«-w/o PD -><-wPD -Jr-w/o PD -..-w PD 
Level 
Celltral span beam rotation Celltral spall beam rotation 
(rad) (rad) 
1 0.0312 0.0242 
2 0.0304 0.0271 
3 0.0239 0.0259 
4 0.0137 0.0063 
5 0.0057 0.0005 
6 0.0003 0.0001 
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Tabas 1 
616131011T 616111701T 
Interior columll rotatioll Illteriol' COIUIIIII rotatioll 
(rad) (rad) 
G.L. 0.0290 0.0251 
1 Below 0.0015 0.0037 
1 Above 0.0021 0.0141 
2 Below 0.0017 om 17 
2 Above 0.0016 0.0119 
3 Below 0.0049 0.0133 
3 Above 0.0011 0.0043 
4 Below 0.0056 0.0213 
4 Above 0.0009 0.0075 
5 Below 0.0035 0.0102 
5 Above 0.0009 0.0060 
6 Below 0.0049 0.0074 
pz 
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7. TWELVE STOREYBIDLDING "A" 
According to the Loadings Standard (Standards New Zealand. 1992), the maximum allowable 
inter-storey drift when designing using a modal method of analysis is 1.50% for a total height of the 
frame of 40.8 m. For non-linear time-history analyses, the maximum inter-storey drift is 2.50%. 
7.1 Modal Analysis Results 
The dynamic properties of the 12 storey A frame are listed in Table 7.1. The square root sum 
of the squares combination method was used. 
Table 7-1 Dynamic properties of the 12 storey A structure 
Effective mass % Mass Period ~lIax Mode 
(Tonnes) (Cumulative) (seconds) (kN) 
1 2207.0 82 2.00 744.8 
2 267.5 92 0.66 246.7 
3 92.2 95 0.38 137.5 
4 47.3 97 0.27 70.6 
5 28.2 98 0.20 42.2 
6 18.3 99 0.16 27.4 
1:= 2660.7 801.2 
Table 7-2 Combined modal inter-storey drifts, P-delta induced forces and total inter-storey drifts for structure 12A 
Combined modal P-delta Combined modal plus 
Storey inter-storey drifts forces * P-delta inter-storey drifts 
(%) (kN) (%) 
1 0.77 -59.34 1.17 
2 0.96 53.70 1.50 
3 0.93 62.43 1.45 
4 0.88 59.71 1.33 
5 0.82 56.06 1.19 
6 0.75 51.71 1.06 
7 0.68 47.83 0.93 
8 0.60 41.62 0.79 
9 0.51 34.94 0.65 
10 0.42 27.95 0.51 
11 0.31 18.79 0.37 
12 0.20 8.70 0.23 
L= 404.11 
*Note that P-deltaforces have already beenfactorised by {3. 
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Table 7.2 shows the inter-storey drifts from the combined modal analyses, the P-delta forces 
factorised by the factor ~, and the total inter-storey drifts which are the addition of the combined modal 
and P-delta inelastic inter-storey drifts. 
According to New Zealand Loadings Standard (Standards New Zealand. 1992), a minimum 
base shear of 2.4% of the total weight of the building should be considered when designing through a 
modal analysis. Since 801 kN is greater than the 2.4% mentioned earlier, no modifications were made. 
As noted previously for the six storey building, a minimum base shear of 3.2% is set for 
regular buildings in the Wellington area. This would result in a minimum base shear of 844.8 kN which 
is approximately a 5% increase to the combined modal base shear considered in this design. At the time 
that the analyses were made, the minimum base shear requirements set by the NZS 1170.5 draft had not 
been established, hence the base shear was not modified accordingly. 
7.2 NOll-linear Time-history Analyses Results 
Figures 7.1 and 7.2 show the top floor displacement versus time relation and the maximum 
inter-storey drifts for the non-linear time-history analyses with and without P-delta effects of model 
12AJ6/E/T using the modified ground acceleration records EI Centro EW and TAFTl respectively. P-
delta effects have an important effect in the lower half of the structure. The resulting inter-storey drifts 
are less than the acceptable 2.5%, as defined by the Loadings Standard (Standards New Zealand. 1992). 
The importance ofP-delta effects in the assessment of residual displacements is evident. 
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Figure 7-1 Top floor displacement versus time and maximum inter-storey drifts for model 12AJ6/EfT using ground 
acceleration record modified El Centro EW 
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Figure 7-2 Top floor displacement versus time and maximum inter-storey drifts for model 12A16/Eff using ground 
acceleration record modified TAFT 1 
7.2.1 Comparison between frames modelled with a bilinear or a Takeda hysteretic rule 
Model 12A/6/E/T was reanalysed as a 12A!6/EIB model using a bilinear hysteretic rule. Non-
linear time-history analyses using the four modified ground acceleration records were made for both 
structures to compare the maximum inter-storey drifts and maximum displacements. 
Figures 7.3 and 7.4 show the maXlmum inter-storey drifts for the non-linear time-history 
analyses of structures 12A!6/E/T and 12A16/EIB using the four modified ground acceleration records 
without and with P-delta effects respectively. None of the inter-storey drifts go above the 2.5% limit 
when P-delta effects are not considered. An acceptable maximum inter-storey drift is obtained in all 
cases when a Takeda hys!eretic rule is used. For the modified ground acceleration records EI Centro 
EW and TAFT 1, the maximum inter-storey drifts at the first storey when P-delta effects are considered 
are of the order of 2.2% for both records when a Takeda rule is used but go as high as 3.9% and 5.1 % 
for each record respectively when a bilinear rule is used. 
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Figure 7-3 Maximum inter-storey drifts for non-linear time-history analyses without considering P-delta effects of models 
12A16/Eff and 12A16IEIB. 
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Figure 7-4 Maximu m inter-storey drifts fo.· non-linear time-history analyses considering P-delta effects of models 
12Al6/Eff and 12Al6/E/B. 
Figure 7.5 shows the averaged maXImum inter-storey drifts for the four modified ground 
acceleration records. For these analyses, the lower levels are the most affected by the choice of 
hysteretic rule. Table 7.3 shows that for storeys 1 to 5, when P-delta actions are not included, the 
averaged maximum inter-storey drifts of the bilinear model are up to 10% greater than the 
conesponding values for the Takeda model. When P-delta effects are considered, the increase is of up 
to 30%. It should be noted that for both models, 12A16/E/T and 12A16/EIB, the strength of the beams 
from level 5 upwards is the same in order to comply with minimum steel requirements. 
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Figure 7-5 Averaged maximum inter-storey drifts for four modified ground acceleration records to structures 12Al6/Eff 
and 12Al6/E/B 
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Table 7-3 Comparison of averaged maximum Inter-storey drifts of structures 12A16IErr and 12A/6/E/B using four 
modified ground acceleration records 
Illter-storey drifts ratio 
(Takeda / Bilillear) 
Storey Without P-delta With P-delta 
I 1.05 0.59 
2 1.07 0.67 
3 1.10 0.72 
4 1.09 0.80 
5 1.09 0.90 
6 1.10 1.02 
7 1.16 1.06 
8 1.05 0.98 
9 0.79 0.80 
10 0.79 0.81 
11 0.80 0.78 
12 0.76 0.80 
Figure 7.6 shows the maximum floor displacements for the four modified ground acceleration 
records considering P-delta effects. From the maximum displacements and maximum inter-storey drifts 
it can be seen that the upper levels are not contributing much to energy dissipation in any of the two 
structures. 
Modified El Centro NS Modified El Centro EW Modified TAFT 1 Modified TAFT 2 
12 
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Figure 7-6 Maximum displacements for structures 12A16/Err and 12A161EIB for four modified ground acceleration 
records with P-delta effects 
Figure 7.7 shows the moment versus curvature at the base of the left interior column using the 
modified ground acceleration record El Centro EW for structures 12A16/E/T and 12A16/EIB. This 
figure illustrates the way energy is dissipated through small cycles when a Takeda hysteretic rule is 
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used. It also shows how once the structure is displaced in one direction, a larger force is needed to 
restore the structure to its original position when the bilinear hystertic rule is used compare to the 
corresponding force if the Takeda hysteretic rule is used. This effect is caused due to the reduction in 
unloading stiffness with the Takeda hysteretic model. 
1000 
800 
600 
E 400 
z 200 
6 
C 0 (j) 
E 
·200 0 
::e 
-400 
·600 
-800 
·1000 
·0.02 ·0.01 0 
Modified EI Centro EW 
12A16fErr and 12A16fElB 
With P·delta effects 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Curvature (Rad/m) 
-Takeda ..... Bilinear 
Figure 7-7 Moment-curvature of interior column of models 12AJ6/EfT and 12AJ6/EIB for modified ground acceleration EI 
Centro EW 
7.2.2 Axial load variation o/iltterior columlls 
Because the rotations of interio~ columns will be studied, analyses were made to understand 
their axial load variation. Table 7.4 shows the design axial load for the interior columns of model 
12A16/31 0 liT and a ratio between the design axial load over the maximum and the minimum axial load 
obtained from the non-linear time-history analyses using the four modified ground acceleration records. 
Since the interior columns are always in compression, the most critical value would be that from the 
load giving the smallest compression. A minus sign in the table indicates compression. 
Table 7.5 shows the reinforcement ratio (Pdesign) of the interior columns of structure 
12A16/31 0 liT and the reinforcement ratio (Pmax) if these same columns were designed using the most 
critical axial load value highlighted on the previous table. At levell, this variation would represent 
using an area of steel of 2,950 mm2 instead of 2,800 mm2 which would translate in one 13.8 mm 
diameter bar. The variation between these values can be neglected for all practical purposes. 
F 
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Table 7-4 Ratio between design axial load in columns over maximum and minimum column axial load values from non-
linear time-history analyses for model12A16/3101ff 
Columll design axial load over maximum alld millimum axial load from time-histOlY allalyses 
Desigll EI Centro NS EL CeJltro EW TAFT 1 TAFT 2 
Level values Max Mill Max Min Max Mill Max Mill 
(leN) 
1 -1401.9 1.06 0.95 1.06 0.96 1.06 0.95 1.07 0.96 
2 -1276.5 1.05 0.97 1.05 0.97 1.05 0.96 1.07 0.97 
3 -1151.0 1.04 0.96 1.05 0.98 1.05 0.96 1.06 0.97 
4 -1025.6 1.04 0.96 1.06 0.98 1.05 0.97 1.06 0.97 
5 -900.2 1.05 0.98 1.07 0.98 1.06 0.97 1.07 0.97 
6 -774.8 1.06 0.97 1.07 0.98 1.07 0.97 1.07 0.95 
7 -649.37 1.07 0.97 1.08 0.98 1.07 0.97 1.09 0.97 
8 -538.78 1.08 0.96 1.10 0.97 1.08 0.96 1.10 0.97 
9 -428.19 1.09 0.96 1.12 0.96 1.10 0.96 1.12 0.97 
10 -317.6 1.12 0.95 1.13 0.94 1.12 0.96 1.13 0.96 
11 -207.0 1.16 0.94 1.15 0.92 1.16 0.96 1.17 0.93 
12 -96.4 1.18 0.93 1.15 0.92 1.22 0.95 1.17 0.93 
Table 7-5 Interior column reinforcement ratio variation using the most critical value for the four modified ground 
acceleration records 
Level Pdesigll Pmax Plllax / Pdesigll 
1 0.0115 0.0121 1.05 
2 0.0137 0.0142 1.04 
3 0.0158 0.0162 1.03 
4 0.0164 0.168 1.02 
5 0.0150 0.0154 1.03 
6 0.0162 0.0166 1.02 
7 0.0174 0.0178 1.02 
8 0.0189 0.0193 1.02 
9 0.0203 0.0207 1.02 
10 0.0226 0.0228 1.01 
11 0.0168 0.0170 1.01 
12 0.008 0.008 1.00 
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7.2.3 Comparison between frames with different column characteristic 
A summary of the results from models 12AJ6/E/T, 12AJ6/3101IT and 12AJ6/1170/T analysed 
using the 8 earthquake records described in section 5; 13.2 is presented. The main characteristics of 
these structures are stated below. For more details on the properties of the structures, see section 5.1 
and appendix A. 
1. Structure 12AJ6/E/T 
.. Designed to a ductility of 6 
.. All beams comply with minimum steel requirements 
" From level 5 upwards, beams are modelled with the same strength 
.. Colunms are elastic except at the base 
" A Takeda hysteretic model is used for all elements 
2. Structure 12AJ6/3101lT 
" Designed to a ductility of 6 
" All beams comply with minimum steel requirements 
" From level 5 upwards, beams are modelled with the same strength 
" Colunms are designed to NZS 3101:1995 (Standards New Zealand. 1995) 
" A Takeda hysteretic model is used for all elements 
3. Structure 12AJ611170/T 
.. Designed to a ductility of 6 
II All beams comply with minimum steel requirements. 
.. From level 5 upwards, beams are modelled with the same strength 
.. Colunms are designed to NZS 1170.5 draft for limited protection against plastic 
hinges 
II A Takeda hysteretic model is used for all elements 
Appendix B, part two, shows the response of structures 12AJ6/E/T, 12AJ6/3101IT and 
12AJ611170IT when subject to each of the selected ground acceleration records. The same results 
as for the six storey structures are reported. 
When running the non-linear time-history analyses for structure 12A16/1170/T, problems with 
the structural analysis program Ruaumoko (Carr 2003) were encountered. For most cases, by 
adding the terms corresponding to the rotational degrees of freedom to the mass matrix these 
problems were overcame. 
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Structure 12AJ6/1170/T could not be analysed using ground acceleration record Tabas 2. The 
structural analysis program (Carr 2003) gave a message error "Not a number in residual 
displacements ". This was probably caused by an underflow. Alterations are being made to the 
program to overcome this problem, but due to time limitations, the results using this record could 
not be included in this work. 
7.2.3.1 Base Shear 
Table 7.6 shows the average maximum base shear and standard deviation for the non-linear 
time-history analyses of structures 12AJ61EIT, 12AJ6/3101lT and 12AJ6/1170IT. It also gives the 
equivalent static and modal base shear and the P-delta forces used for each of these analyses. The 
difference between the averaged maximum base shear of the three structures in the time-history 
analyses is less than 1 % when P-delta effects are not considered and of 5% when they are considered. 
Structures 12AJ6/E/T and 12AJ6/3101IT differ in their average maximum base shears by less than 1% 
with and without P-delta effects. 
Table 7-6 Base shear summary for structures 12A16/Err, 12A16/3101rr and 12A16!1170rr 
12AJ6/E/T 12A/6/310l/T 12AJ6/1170/T 
Eq. 
Modal 
Static 
(kN) (leN) (kN) 
Std. Std. Std. 
Average 
Dev. 
Average Average 
Dev. Dev. 
(leN) 
(leN) 
Without 
Base shear 
908.2 801.2 PD 1889.4 77.3 1887.9 79.3 1870.3 59.4 
P-L1 
WithPD 
induced* 392.5 404.1 2151.3 180.1 2147.1 172.2 2057.1 92.5 
L:= 1300.7 1205.3 
*P-deltaforces are already multiplied by the factor fJ. 
There is an increase of around two fold when comparing the base shear from the modal 
analysis with P-delta to the averaged maximum base shear from the non-linear time-history analyses of 
the 3 structures. Appendix C shows the influence that damping forces have on the maximum base shear 
values from the non-linear time-history analyses. The non-linear time-history analyses show an 
increase in the averaged maximum base shear of 14% for structures 12AJ6IEIT and 12AJ6/3101lT 
when P-delta effects are considered compared to the case where they are not. For structure 
12AJ6/1l70/T this increase is of 10%. For the elastic analyses, the base shear was increased by up to 
50% to account for P-delta effects. 
If the average maximum base shear from the non-linear time-history analyses using the 
modified ground acceleration records is compared to that using the natural records, the difference for 
the 3 structures is 2% or less. 
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7.2.3.2 lllter-storey drifts 
Table 7.7 shows the averaged maximum inter-storey drifts and its standard deviation for the 
non-linear time-history analyses of structures 12A/6/E/T, 12A16/3101lT and 12A1611170/T considering 
P-delta effects. The average maximum inter-storey drifts of structures 12A16/E/T and 12A16/31 0 liT do 
not differ at any level by a margin greater than 1 %. None of the averaged maximum inter-storey drifts 
exceed the allowable 2.5%. The greatest difference between structures 12A16/31011T and 
12A1611170/T arises at level 4 which coincides with the maximum averaged inter-storey drifts of both 
structures. 
Table 7-7 Average maximum inter-storey drifts and standard deviations considering P-delta effects using eight ground 
acceleration records for structures 12AJ6/EIT, 12AJ6/31011T and 12AJ6/11701T 
12AJ61EIT 12AJ6131011T 12AJ6111701T 
Std. Std. Std. 
Al'g. 
del'. 
Avg. 
del'. 
Al'g. 
del'. 
Storey (%) (%) (%) (%) (%) (%) 
1 1.33 0.60 1.31 0.58 1.02 0.64 
2 1.58 0.59 1.59 0.61 1.73 1.15 
3 1.69 0.52 1.70 0.54 2.14 1.56 
4 1.69 0.51 1.69 0.52 2.23 1.69 
t:I 
.:::: 5 1.59 0.46 1.59 0.47 2.00 1.45 {l 
~ 6 1.39 0.35 1.39 0.34 1.30 0.75 
0.80 0.44 ~ 7 1.05 0.22 ~ 1.04 0.22 
"-
8 0.68 0.14 0.68 0.14 0.49 0.23 
9 0.42 0.06 0.42 0.06 0.32 0.14 
10 0.32 0.06 0.32 0.06 0.28 0.14 
11 0.22 0.05 0.22 0.05 0.20 0.09 
12 0.14 0.02 0.13 0.02 0.13 0.05 
Table 7.8 shows the increase in the averaged maximum inter-storey drifts when P-delta effects 
are considered in the non-linear time-history analyses to the corresponding values when they are not. 
Structures l2A16/E/T and l2A16/3101lT show a 23% and 22% increase respectively in their averaged 
maximum inter-storey drifts while structure 12A1611l70/T show an increase of up to 51 % when P-delta 
effects are considered in the analyses. For the lower half of the three structures, P-delta effects make 
the averaged maximum inter-storey drifts increase while the upper half shows a reduction of up to 8%. 
Figure 7.8 illustrates the scatter of the maximum inter-storey drifts from the non-linear time-
history analyses to structures l2A16/31 0 liT and 12A16/1l70/T when P-delta effects are considered. 
Structure 12A16/3101/T complies in all records with the maximum allowable inter-storey drift of2.5% 
just being slightly above it when ground acceleration record TAFT 1 was used. Structure 
12A16/1170/T showed critical maximum inter-storey drift values when records Modified EI Centro EW 
F 
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Table 7-8 Comparison between the maximum average inter-storey drifts with P-delta and without P-delta for structures 
12A16/E/T, 12A16/31011T and 12AJ6/11701T 
Averaged maximuIII lllter-storey drifts 
With P-delta I Without P-delta 
Storey 12A161En 12A1613101n 12A1611170n Storey 12A161En 12A1613101n 12A1611170n 
1 1.23 1.22 1.23 7 0.97 0.97 0.93 
2 l.I7 1.17 1.30 8 0.92 0.92 0.92 
3 1.15 1.16 1.46 9 0.92 0.92 0.94 
4 1.12 1.13 1.51 10 0.90 0.90 0.97 
5 1.08 1.08 1.40 11 0.96 0.96 0.97 
6 1.05 1.04 1.03 12 1.00 1.00 1.00 
and Modified TAFT 1 were used resulting in inter-storey drifts of up to 3.8% and 5.5%. For the other 
5 records the results are satisfactory. The averaged maximum inter-storey drifts for the non-linear time-
history analyses using the modified records, compared to the corresponding values when the natural 
records are used show an increase in the averaged results of 84% and 280% for structures 
12A16/3101lT and 12A16/1170/T. 
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Figure 7-8 Maximum inter-storey drifts for non-linear time-history analyses of structures 12A16/31011T and 12A16/11701T 
7.2.3.3 Maximum displacements 
Table 7.9 shows the averaged displacements and standard deviations from the non-linear time-
history analyses of structures 12A16/E/T, 12A16/31011T and 12A16111701T considering P-delta effects. 
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The results from structures 12A16/EIT and 12A16/31011T show no significant variation. TIle averaged 
maximum displacements when P-delta is considered vary from the corresponding values without 
considering P-delta in 23% as for the averaged maximum inter-storey drifts. 
Figure 7.9 illustrates the maximum displacements from the time-history non-linear analyses of 
structures 12A16/31 0 liT and 12A1611170/T when P-delta effects are considered, along with the 
deformed shape coming from the modal analysis and P-delta actions. Except for records Modified El 
Centro EW and TAFT 1, the maximum displacements match well those displacements calculated using 
the modal analysis and P-deIta. If the averaged maximum displacements are compared to the modal and 
P-delta displacements, the difference is considerable but this is related to the high standard deviation 
values for the 3 structures. This is clearly illustrated in Figure 7.9. Appendix D shows the displacement 
response spectra for the ground acceleration records used. 
Table 7-9 Averaged maximum displacements and standard deviations for non-linear time-history analyses of structures 
12AJ6/EIT, 12AJ6/31011T and 12A16/11701T considering P-delta effects 
12A16/EIT 12A16/31011T 12A16111701T 
Std Std Std 
Level Average Average Average 
Deviation Deviation Deviation 
(m) (m) (m) 
(m) (m) (m) 
I 0.045 0.019 0.045 0.018 0.040 0.017 
2 0.098 0.038 0.098 0.038 0.105 0.047 
3 0.153 0.055 0.153 0.056 0.l83 0.091 
4 0.208 0.069 0.208 0.070 0.268 0.140 
5 0.259 0.083 0.260 0.084 0.343 0.181 
6 0.301 0.095 0.301 0.095 0.391 0.194 
7 0.331 0.103 0.331 0.104 0.417 0.196 
8 0.348 0.109 0.348 0.109 0.429 0.197 
9 0.357 0.111 0.357 0.112 0.434 0.197 
10 0.361 0.112 0.361 0.l12 0.437 0.196 
11 0.364 0.113 0.364 0.113 0.438 0.196 
12 0.365 0.113 0.366 0.113 0.440 0.197 
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Figure 7-9 Maximum displacements for non-linear time-history analyses of structures 12A16/3101rr and 12A16/1170rr 
7.2.3.4 Beam rotations 
The rotations from the non-linear time-history analyses and the rotations for the equivalent 
static and modal analyses were calculated as described in section 6.3.4.4. Table 7.10 shows the 
averaged maximum beam rotations from the non-linear time-history analyses and its standard deviation 
of structures l2A16!EIT, l2A16/3l 0 lIT and 12A1611170IT. It also shows the design total rotations from 
the equivalent static and modal analyses calculated as described in section 6.3 .4.1. Figure 7.1 0 shows 
the average maximum beam rotation values for the three structures and the total beam rotation values 
from the equivalent static and modal analyses from table 7.10. Structures 12.AJ6!EIT and 12A16/3101lT 
show a small difference in the averaged maximum beam rotations. 
Table 7-10 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations and 
standard deviations from non-linear time-history analyses of structures 12A16IErr, 12A16/31 01rr and 12A16/1170rr 
12A161E1T 12A16131011T 12A16111701T 
Eq. static Modal 
Level ro/atiolls* rotatiolls* 
Average Std. Average Std. Average Std. 
rot. Dev. rot. Dev. rot. Dev. (rad) (rad) 
(rad) (rad) (rad) (rad) (rad) (rad) 
1 0.0191 0.0196 0.0136 0.0066 0.0135 0.0063 Om05 0.0053 
2 0.0249 0.0250 0.0157 0.0060 0.0159 0.0063 0.0161 0.0071 
3 0.0247 0.0240 0.0163 0.0056 0.0164 0.0058 0.0187 0.0091 
4 0.0233 0.0220 0.0161 0.0054 0.0161 0.0055 0.0147 0.0068 
5 0.0216 0.0198 0.0147 0.0046 0.0147 0.0046 0.0119 0.0042 
6 0.0197 0.0177 0.0117 0.0031 Om17 0.0030 0.0081 0.0032 
7 0.0177 0.0155 0.0075 0.0019 0.0074 0.0019 0.0046 0.0017 
8 0.0154 0.0133 0.0038 0.0011 0.0038 0.0011 0.0020 0.0008 
9 0.0131 0.0111 0.0020 0.0006 0.0020 0.0007 0.0017 0.0009 
10 0.0107 0.0089 0.0010 0.0007 0.0010 0.0007 0.0011 0.0007 
11 0.0082 0.0066 0.0004 0.0001 0.0004 0.0001 0.0004 0.0000 
12 0.0057 0.0044 0.0002 0.0000 0.0002 0.0000 0.0002 0.0000 
*Scaled beam ro/a/lOns by factor/, as described 111 sec/IOn 7.3.4.1/0 match the allowable 2.5% inter-storey drifllmlllfor 
the non-lillear analysis 
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Figure 7-10 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations from 
non-linear time-history analyses of structures 12AJ6/EIT, 12A16/31 01IT and 12A16/1170IT 
Figure 7.11 shows the scatter of the maximum rotations from the non-linear time-history 
analyses of structures 12A/6/3101/T and 12A16/1170/T. The beam rotation values are only greater than 
the modal rotations values for records Modified EI Centro EW and Modified TAFT 1 for both 
structures. The maximum inter-storey drifts of structure 12A16/3101lT for these two records were close 
to 2.5% so that it was expected for rotations to match with the modal rotations is satisfactory. 
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Figure 7-11 Maximum beam rotations of structures 12AJ6/31 011T and 12AJ6/1170IT from non-linear time-history 
analyses 
Table 7.11 shows the averaged maximum beam section ductilities for structures 12A16/E/T, 
12A16/3101/T and 12A16/1170/T from the non-linear time-history analyses and the beam ductility 
demand from the equivalent static and modal analyses. For the three structures the maximum beam 
ductility is close to 25 while for the equivalent static and modal analysis the maximum beam ductility 
is around 30. 
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Table 7-11 Design beam section ductilities and averaged maximum beam section ductilities for structures 12A16IEtr, 
12AJ6/31 01tr and 12A1611170tr 
Eq 
Modal 12AJ6/E/T 12AJ6/3101lT 12AJ6/1170/T 
Level static 
S~ S~ S~ S~ S~ 
1 24.9 25.5 17.7 17.5 13.7 
2 31.3 31.4 19.7 19.9 20.2 
3 33.5 32.6 22.1 22.2 25.4 
4 34.8 32.8 24.1 24.1 22.0 
5 35.9 32.9 24.5 24.4 19.7 
6 32.8 29.3 19.5 19.4 13.5 
7 29.3 25.8 12.4 12.3 7.7 
8 25.6 22.0 6.3 6.3 3.4 
9 21.8 18.4 3.3 3.3 2.8 
10 17.7 14.8 1.7 1.7 1.8 
II 13.7 11.0 0.7 0.7 0.7 
12 9.5 7.4 0.4 0.4 0.3 
7.2.3.5 Interior column rotations 
Column rotations were calculated as described in section 6.3.4.5. Table 7.12 shows the 
column yield rotation, By, the averaged maximum column rotation for the non-linear time-history 
analyses, its standard deviation and the averaged maximum section curvature ductility for an interior 
column of structures 12A16/31011T and 12A1611170/T respectively. The averaged maximum column 
section ductilities are 1.4 and 9.9 for each of the structures respectively. These values agree with the 
design obj ectives of high protection against plastic hinging in columns for structure 12A16/31 0 lIT and 
a lower level for structure 12A16/11701T. As mentioned before, all the rotations were calculated 
considering P-delta effects in the analyses. 
Figure 7.12 shows the maximum rotations above and below the beam for structure 
12A16/3101lT. For the column sections above the beam only in very few cases was the yield rotation 
exceeded. The maximum column section rotation ductility above the beams was 2.6 at level one, while 
at level 2 and 3 the maximum value was 1.2. All the other levels remained well below the yield value. 
For the column sections below the beam, a maximum rotation ductility of 1.2 was obtained at level 7. 
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Table 7-12 Interior columns design yield rotation, averaged maximum rotation and standard deviation for non-linear 
time-history analyses of structures 12A16/31011T and 12A16/11701T 
12AJ61310JlT 12AJ6111701T 
~, 
Avg. 
Std. dev. 
rot S" (rad) (rad) 
(rad) 
level ~, 
Avg. 
Std. dev. 
rot S" (rad) (rad) (fad) 
G.L. 0.0014 0.0092 0.0046 6.6 0.0014 0.0086 0.0042 6.2 
1 Below 0.0014 0.0009 0.0001 0.6 0.0014 0.0012 0.0004 0.9 
1 Above 0.0014 0.0019 0.0007 1.4 0.0013 0.0107 0.0058 7.9 
2 Below 0.0014 0.0013 0.0001 0.9 0.0013 0.0062 0.0040 4.6 
2 Above 0.0014 0.0012 0.0001 0.9 0.0013 0.0096 0.0089 7.2 
3 Below 0.0014 0.0013 0.0001 0.9 0.0013 0.0079 0.0069 5.9 
3 Above 0.0014 0.0012 0.0001 0.9 0.0013 0.0089 0.0089 6.9 
4 Below 0.0014 0.0013 0.0001 0.9 0.0013 0.0128 0.0105 9.9 
4 Above 0.0014 0.0011 0.0002 0.8 0.0014 0.0103 0.0079 7.6 
5 Below 0.0014 0.0013 0.0002 1.0 0.0014 0.0134 0.0115 9.8 
5 Above 0.0014 0.0009 0.0001 0.6 0.0013 0.0049 0.0027 3.6 
6 Below 0.0014 0.0014 0.0002 1.0 0.0013 0.0080 0.0050 5.9 
6 Above 0.0014 0.0008 0.0001 0.6 0.0013 0.0017 0.0005 1.3 
7 Below 0.0013 0.0014 0.0002 1.0 0.0013 0.0045 0.0018 3.4 
7 Above 0.0013 0.0008 0.0001 0.6 0.0012 0.0011 0.0005 0.9 
8 Below 0.0013 0.0012 0.0001 0.9 0.0012 0.0027 0.0011 2.2 
8 Above 0.0013 0.0008 0.0001 0.6 0.0013 0.0012 0.0005 1.0 
9 Below 0.0013 0.0010 0.0001 0.8 0.0013 0.0011 0.0004 0.8 
9 Above 0.0013 0.0007 0.0001 0.5 0.0012 0.0007 0.0001 0.6 
10 Below 0.0013 0.0009 0.0001 0.7 0.0012 0.0009 0.0002 0.7 
10 Above 0.0013 0.0006 0.0001 0.4 0.0012 0.0006 0.0001 0.5 
11 Below 0.0012 0.0007 0.0001 0.6 0.0012 0.0007 0.0002 0.6 
11 Above 0.0012 0.0004 0.0001 0.3 0.0012 0.0004 0.0001 0.3 
12 Below 0.0014 0.0005 0.0001 0.3 0.0011 0.0005 0.0001 0.5 
F 
77 
Maximum rotatiolls below the beam Maximum rotatiolls above tlte beam 
12 . . 
· 
12 
0 
· 
. 
· · 
... \ 
10 . 
· · 
, 10 0., 
· · 
. 0 . ., 
8 
· · 
B • Q-a 
-
· 
. , 0 .. , 
~ 6 
· · 
. • ] 6 .,,1ILl..4 j 
· · · 
. . 0 ...... 
4 
· · 
. 4 . 0" 
· · 
· (, .."e.o 
2 
· · 
• \A 2 .a· 
D 
· 
, , . 0 . 0 
0 0 
0 0.0004 0.0008 0.0012 0.0016 0 0.001 0.002 0.003 0.004 
Rotation (rad) Rotatlon (rad) 
-Yield 0 MEIC.NS . M. EIC. EW -Yield 0 M. EIC. NS . M. EIC. EW 
0 M. TAFT1 
· 
M TAFT2 . EIC1 0 M. TAFTl 0 M. TAFT2 . EIC1 
. EIC2 , Tabas1 - Tabas2 . EIC2 
, Tabas1 - Tabas2 
Figure 7-12 Column maximum rotations above and below the beam for non-linear time-history analyses of structure 
12A16/3101IT 
Figure 7.13 shows the maximum rotations above and below the beam for structure 
12A16111701T. The maximum section rotation ductility below the beam is of 26 at levels 4 and 5 for 
modified ground acceleration record TAFT 1. Below the beam, the maximum column rotation ductility 
is 21 at levels 2 and 3 for the modified record TAFT 1. 
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Figure 7-13 Column maximum rotations above and below the beam for non-linear time-history analyses of structure 
12A16/1l70IT 
7.2.4 Earthquake return period 0/2,500 years 
Figure 7.14 shows the top floor time displacement obtained with the non-linear time-history 
analyses of structure12A16/31011T with and without P-delta effects, and structure 12A16/11701T with 
P-delta effects. When P-delta effects are not considered, structure 12A16/31011T shows no collapse 
with a maximum inter-storey drift of 3.6%. If P-delta effects are included, both structures develop a 
column-sway mechanism on the ground floor that leads them to collapse. 
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Figure 7-14 Top floor displacement versus time from non-linear time-history analyses of structures 12A16/3101IT and 
12A16/1170IT using 2,500 years return period EI Centro 1 
Table 7.13 shows the results from the non-linear time-history analysis of structure 
12A16/3101/T using the ground acceleration record Tabas 1 scaled to a 2,500 years retum period 
earthquake. Structure 12A1611170/T could not be run using this ground acceleration record. The same 
problem arose in the structural analysis program as occurred in the analyses with the Tabas 2 record 
scaled to a 475 years retum period earthquake (see section 6.2.3). 
The rnaxinmm inter-storey drift when using the ground acceleration record Tabas 1 scaled to a 
2,500 years retum period event, for structure 12A/6/3101lT is 2%. The highest beam rotation ductility 
is 31 at levels 4 and 5. The base of the column reached a section rotation ductility of 8.5 and in the 
upper levels a section rotation ductility of 1.3. The structure would have avoided collapse with still a 
good strength reserve. 
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Table 7-13 Results for non-linear time-history analysis using record Tabas 1 with a 2,500 years return period of structure 
12AJ6/3101ff with P-delta effects 
Tabas 1 
12A/613101lT 
12 x 12 
x 
10 x 10 
x 
8 x i::l 8 
i::l x § S- a; ~ a; {j <J ". 6 x 
.!:! ". 6 Q) Q) ~ .... ~ .... 
... 
x 
~ ~ 
~ 4 x ::: 4 
'" 
::: 
.... x 
.s ~ 
2 x .g 2 
x ~ 
0 0 
0 1 2 3 0.000 0.200 0.400 0.600 
Inter-storey drift ('Vo) Displacement (m) 
xwPD -#-wPD 
Level Ce1ltral spall beam rotatio1ls Level Central span beam rotations 
(rad) (rad) 
1 0.0148 7 0.0099 
2 0.0172 8 0.0065 
3 0.0192 9 0.0032 
4 0.0210 10 0.0008 
5 0.0191 11 0.0005 
6 0.0161 12 0.0003 
Interior column rotatioll Interior columll rotatioll 
(rad) (rad) 
G.L. 0.0119 6 Above 0.0011 
1 Below 0.0009 7 Below 0.0017 
1 Above 0.0016 7 Above 0.0009 
2 Below 0.0016 8 Below 0.0013 
2 Above 0.0014 8 Above 0.0008 
3 Below 0.0017 9 Below 0.0013 
3 Above 0.0014 9 Above 0.0007 
4 Below 0.0015 lOBe/ow 0.0010 
4 Above 0.0011 10 Above 0.0007 
5 Below 0.0014 11 Below 0.0008 
5 Above 0.0012 11 Above 0.0005 
6 Below 0.0015 12 Below 0.0006 
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8. TWELVE STOREY BUILDING "B" 
According to the Loadings Standard (Standards New Zealand. 1992), the maximum allowable 
inter-storey drift when designed using a modal method of analysis is 1.50% for a total height of the 
frame of 40.8 ill. For non-linear time-history analyses, the maximum inter-storey drift is 2.50%. 
In the 12 storey B structure smaller beam and column section sizes were used in the upper 6 
storeys compared with the corresponding values in the lower 6 storeys. For more details on the 
structure properties see section 5.12 and Appendix A. 
8.1 Modal Analysis Results 
The dynamic properties of the 12 storey B frame are listed in Table 8.1. The square root sum 
of the squares combination method was used. 
Table 8-1 Dynamic properties of the 12 storey B frame 
Mode 
Effective mass % Mass Period Vmax 
(Tol1lles) (Culllulative) (seconds) (leN) 
1 2108 74 2.11 682.4 
2 333.1 91 0.74 281.4 
3 94.1 94 0.42 140.3 
4 61.24 96 0.29 91.3 
5 30.17 98 0.22 45.0 
6 24 98 0.17 35.8 
1:= 2650.61 SRSS= 759.1* 
.. 
* Results Will be properly scaled to match tlte fflUIiI/lu/1I base shear set by the NZS 1170.5 draft. 
As mentioned in section 6.2, the NZS 1170.5 draft sets a minimum design base shear of 3.2% 
of the total weight of the building, which would result in a base shear of 844.8 kN. Hence the modal 
values were scaled by 1.11 (844.8/759.1 = 1.11) to comply with this minimum base shear. Table 8.2 
shows the modal combined inter-storey drifts, P-delta forces factorised by ~ and the total inter-storey 
drifts, which is the addition of combined modal and P-delta inter-storey drifts. 
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Table 8-2 Combined modal inter-storey drifts, P-delta induced forces and total inter-storey drifts of structure 12B 
Combined modal P-delta Combined modal plus 
Storey inter-storey drifts forces * P-delta inter-storey drifts 
(%) (kN) (%) 
1 0.77 -73.87 1.16 
2 1.00 52.52 1.55 
3 0.97 64.70 1.51 
4 0.92 60.66 1.38 
5 0.85 52.93 1.25 
6 0.80 -5.21 1.14 
7 0.95 33.10 1.38 
8 0.99 62.34 1.42 
9 0.87 57.55 1.20 
10 0.71 45.79 0.93 
11 0.53 31.25 0.66 
12 0.33 13.95 0.39 
L= 395.73 
*Note that P-deltaforces have already beenfactorised by /3. 
8.2 NOll-linear Time-histo/y Analyses Results 
Figures 8.1 and 8.2 show the top floor displacement versus time and maximum TIlter-storey 
drifts with and without P-delta effects for model 12B/6/E/T when subject to ground acceleration 
records Modified El Centro EW and Modified TAFT 1. As seen for the modified ground acceleration 
TAFT 1, at the second storey, considering P-delta effects could be the difference between exceeding 
the 2.5% inter-storey drift limit or not. P-delta effects have a greater effect to the maximum inter-storey 
drift of the lower levels and a major influence on residual displacements. 
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Figure 8-1 Top floor displacement versus time and maximum inter-storey drifts for model 12B/6/EfT for modified ground 
acceleration record El Centro EW 
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Figure 8-2 Top floor displacement versus time and maximum inter-storey drifts for model 12B/6fEfT for modified ground 
acceleration records TAFT 1 
8.2.1 Axial load variation ill nOll-linear time-history analyses 
Because the rotations of interior colunms will be studied, analyses were made to understand 
their axial load variation. Table 8.3 shows the design axial load for the interior colunms of model 
12B!6!31 o liT and a ratio between the design axial load over the maximum and the minimum axial load 
from the non-l:inear time-history analyses using the four modified ground acceleration records. 
Table 8-3 Ratio between design axial load in columns over maximum and minimum column axial load values from non-
linear time-history analyses to structure 12B/6/3101fT 
Columll design axial load over maximum and minimum axialloadfrolll lIoll-linear time-his(OIY allalyses 
Design EI Celltro NS EL Celltro EW TAFT 1 TAFT 2 
Level 
(kN) Max Mill Max Mill Max Mill Max Mill 
1 -1401.9 1.06 0.95 1.06 0.96 1.06 0.95 1.07 0.96 
2 -1276.5 1.05 0.97 1.05 0.97 1.05 0.96 1.07 0.97 
3 -1151.1 1.04 0.96 1.06 0.98 1.05 0.96 1.06 0.97 
4 -1025.6 1.04 0.96 1.06 0.98 1.05 0.97 1.06 0.97 
5 -900.2 1.05 0.98 1.07 0.98 1.06 0.97 1.07 0.97 
6 -774.8 1.06 0.97 1.07 0.98 1.07 0.97 1.07 0.95 
7 -649.4 1.07 0.97 1.08 0.98 1.07 0.97 1.09 0.97 
8 -538.8 1.08 0.96 1.10 0.97 1.08 0.96 1.10 0.97 
9 -428.2 1.09 0.96 1.12 0.96 1.10 0.96 1.12 0.97 
10 -317.6 1.12 0.95 1.13 0.94 1.12 0.96 1.13 0.96 
11 -207.0 1.16 0.94 1.15 0.92 1.16 0.96 1.17 0.94 
12 -96.4 1.18 0.93 1.15 0.92 1.22 0.95 1.17 0.93 
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Table 8.4 shows the design reinforcement ratio (Pdesigll) of the interior columns and the 
reinforcement ratio if the columns would have been designed using the most critical axial load from the 
non-linear time-history analyses. The variation of these values is negligible for all practical purposes. 
Table 8-4 Interior column "einforcement ratio variation 
Level Pdesign Pilla .. Pilla.. / Pdesigll 
1 0.0099 0.0103 1.04 
2 0.0121 0.0125 1.03 
3 0.0141 0.0145 1.03 
4 0.0145 0.0149 1.03 
5 0.0133 0.0137 1.03 
6 O.OJ 67/0.0185* 0.0169/0.0187 * 1.01 11.01 * 
7 0.0143 0.0147 1.03 
8 0.0149 0.0152 1.02 
9 0.0167 0.0171 1.02 
10 0.0189 0.0191 1.01 
11 0.0145 0.0147 1.01 
12 0.0022 0.0022 1.00 
* The first value corresponds to the reinforcement ratio below the beam and the second to that above the beam. 
Since the column cross section changes at this level, even for continuous steel the reinforcement ratio changes. 
8.2.2 Comparison between frames with different column characteristic 
A summary of the results from models 12B/6/E/T and 12B/6/3101/T analysed using the 8 
earthquake records described in section 5.2.2, are presented. The main characteristics of these 
structures are stated below. For more details see section 5.12 and Appendix A. 
1. Structure 12B/6/E1T 
.. Designed to a ductility of 6 
It Levels on the bottom half have different beam and column cross-sections as those in 
the upper half 
.. All beams comply with minimum steel requirements 
It Columns are elastic except at the base 
.. A Takeda hysteretic model is used for all elements 
2. Structure 12B/6/31011T 
.. Designed to a ductility of 6 
.. Levels on the bottom half have different beam and column cross-sections as 
those in the upper half 
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.. All beams comply with minimum steel requirements 
.. Columns are designed to NZS 3101: 1995 (Standards New Zealand. 1995) 
.. A Takeda hysteretic model is used for all elements 
Appendix B, part two, shows the response of structures 12B/6/E/T and 12B/6/3101lT when subject 
to each of the selected ground acceleration records. The same results as those described for the six 
storey structures are reported. 
The non-linear time-history analyses to structure 12B/611170/T could not be run. The structural 
analysis program (Carr 2003) gave an error message "Not a number in residual displacements" which 
is probably caused by an underflow. The program is being adjusted to avoid this problem. Due to time 
limitations, the results from these analyses are not included in this work. The same problem arose when 
non-linear time-history analyses were run for the 2,500 years return period earthquakes for structures 
12B/6/31011T and 12B/6/1170/T. 
8.2.2.1 Base shear 
Table 8.5 shows the average maximum base shear and standard deviation of structures 
12B/6/E/T and 12B/6/31 0 liT for the non-linear time-history analyses. It also gives the equivalent static 
and combined modal base shear and the P-delta forces used for each of these analyses. The modal base 
shear has been scaled to meet the minimum requirements of the draft 1170.5. 
Table 8-5 Base shear summary for structures 12B/6/EIT and 12B/6/31011T 
12B/6/E/T 12B/6/3101/T 
Eq. 
Modal (I<N) (l<N) 
Static 
(l<N) Std. Std. 
(l<N) Average 
Dev. 
Average 
Dev. 
Without 
Base shear 
865.0 844.8 P-Li 1771.0 59.7 1794.9 56.6 
P-Li 
With P-L1 
induced* 351.6 395.7 2031.8 179.2 2023.7 172.9 
I= 1216.6 1240.5 
*P-dellaforces are already multlplled by thefaClor fl. 
The difference in the averaged maximum base shears between structures 12B/6/E/T and 
12B/6/3101lT is less than 1 % for both cases, with and without P-delta effects. The averaged base shear 
with P-delta effects for the non-linear time-history analyses is equivalent to 7.6% of the total weight of 
the structure which shows an increase of two fold with the minimum design base shear. The averaged 
maximum base shear for the non-linear time-history analyses that used the modified ground 
acceleration records when P-delta effects are considered, have a 6% increase compared to the averaged 
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maximum base shear when using the natural ground acceleration records. Structure 12B/6/3101rr 
shows a 5% increase in the averaged base shear from the non-linear time-history analyses when 
compared to the corresponding value of structure 12A16/3101rr. The averaged base shear from the 
non-linear time-history analyses of structures 12B/6/3101rr and 12B/6/E/T exceeds the modal plus P-
delta base shear by 60%. Appendix C shows how the damping forces affect the base shear. 
8.2.2.2 lllter-storey drifts 
Table 8.6 shows the averaged maximum inter-storey drifts and the corresponding standard 
deviations for the non-linear time-history analyses of structures 12B/6/E/T and 12B/6/31 0 1 /T with and 
without P-delta effects. It also shows the ratio of the average values of maximum inter-storey drifts 
obtained when P-delta effects are considered to the corresponding values without P-delta effects. None 
of the averaged values for the averaged maximum inter-storey drifts is greater than the 2.5% allowed 
for the non-linear time-history analyses. Furthermore, the averaged maximum inter-storey drifts from 
the non-linear time-history analyses of both structures is equal or less to the l.5% inter-storey drift 
limit allowed for elastic analyses. An increase of close to 30% is observed in both structures when the 
averaged maximum inter-storey drifts considering P-delta are compared to the results when P-delta 
effects are omitted. It is interesting to see that when the averaged maximum inter-storey drifts of 
structure 12B/6/3101/T are compared to those of structure 12A16/3101lT, levels 1 to 4 a reduction of 
up to 12% of the inter-storey drift for structure 12B/6/3101IT. From levels 5 upwards, structure 
12B/6/3101/T shows an increase in its averaged maximum inter-storey drifts g between 34% and 143% 
of the inter-storey drift at storey 7. 
Table 8-6 Average maximum inter-storey drifts and standard deviations considering P-delta effects using eight 
ground acceleration records for structures 12B/6/EIT and 12B/6/31011T 
12BI61EIT 12BI6131011T 
SId. Std. 
Avg. 
dev. 
L Drift 
Storey 
WPDIWloPD 
Avg. 
dev. 
L Drift 
WPDIWloPD 
(%) (%) (%) (%) 
1 1.36 0.53 1.30 1.30 0.52 1.28 
2 1.50 0.53 1.25 1.49 0.53 1.24 
3 1.50 0.55 1.18 1.50 0.54 1.17 
4 1.47 0.52 1.12 1.48 0.53 1.12 
5 1.46 0.49 1.08 1.47 0.49 1.08 
6 1.41 0.47 1.07 1.42 0.48 1.07 
7 1.39 0.36 1.02 1.39 0.38 1.03 
8 1.29 0.28 0.96 1.29 0.28 0.96 
9 1.02 0.24 0.95 1.02 0.23 0.95 
10 0.65 0.15 0.93 0.65 0.14 0.91 
11 0.37 0.05 0.92 0.38 0.06 0.88 
12 0.20 0.03 0.90 0.30 0.06 0.87 
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Figure 8.3 shows the maximum inter-storey drifts for the non-linear time-history analyses of 
structure 12B/6/3101IT. None of the values exceed the 2.5% allowable limit. The averaged inter-storey 
drift from the non-linear time-history analyses using the modified ground acceleration records 
compared to the corresponding value when using the natural records shows an increase of up to 77% at 
level 4 when P-delta effects are considered. 
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Figure 8-3 Maximum inter-storey drifts for the non-linear time-history analyses of structure 12B/6/31 Olff with P-delta 
effects 
8.2.2.3 Maximum displacements 
Table 8.7 shows the averaged displacements and standard deviations from the non-linear time-
history analyses of structmes 12B/6/EIT and 12B/6/3101lT considering P-delta effects. There is a 
negligible difference between the averaged maximum displacements of structure 12B/6/E/T and 
12B/6/3101/T. The averaged maximum displacements when P-delta is considered vary from the 
corresponding values without considering P-delta in the same 30% as for the averaged maximum inter-
storey drifts. 
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Table 8-7 Averaged maximum displacements and standard deviations for non-linear time-history analyses of structures 
I2B/6IEff and I2B/6/3101ff considering P-delta effects 
12B/6/EIT 12B/6/31011T 
Std Std 
Level Average Average 
Deviation Deviation (m) 
(m) 
(m) 
(m) 
I 0.046 0.017 0.044 0.017 
2 0.098 0.034 0.095 0.033 
3 0.147 0.051 0.144 0.051 
4 0.192 0.069 0.190 0.069 
5 0.233 0.086 0.231 0.086 
6 0.271 0.101 0.271 0.101 
7 0.313 0.114 0.311 0.113 
8 0.350 0.121 0.348 0.120 
9 0.376 0.125 0.375 0.125 
10 0.392 0.128 0.391 0.127 
11 0.400 0.128 0.399 0.127 
12 0.404 0.128 0.405 0.126 
Figure 8.4 shows the maximum displacements from the non-linear time-history analyses of 
structure 12B/6/3101lT. The maximum displacements when using the records Modified El Centro EW 
and Modified TAFT 1 records appear to be the critical cases. It is only with these two ground motion 
records that the lateral displacements exceed the values predicted by the modal analysis. The averaged 
maximum displacements from the non-linear time-history analyses match the design displaced shape 
within a 5% margin between levels 2 and 8 and show a 13% greater displacement at levell. 
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Figure 8-4 Maximum displacements from non-linear time-history analyses of structure I2B/6/3101ff considering P-delta 
effects 
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8.2.2.4 Beam rotations 
The beam rotations from the non-linear time-history analyses and the demand beam rotations 
from the equivalent static and modal analyses were calculated as described in section 6.3.4.4. Figure 
8.5 shows the averaged maximum beam rotations from the non-linear time-history analyses for 
structures 12B/6/E/T and 12B/6/310llT. It also shows the design total rotations from the equivalent 
static and modal analyses. Table 8.8 gives the averaged beam rotation values from figure 8.5 and its 
standard deviation together with the beam rotation demand calculated from the modal and static 
analyses. The demand in beam rotations from the modal analysis is greater at levels 1 to 4 to that from 
the equivalent static analysis. This is because for the modal analysis the design base shear had to be 
scaled so that it would match the minimum allowable design base shear and hence, affected the inter-
storey drifts I. The averaged maximum beam rotations show no difference between the two structures. 
All the average beam rotation values are considerably below the beam rotations from the modal and 
static analyses. 
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Figure 8-5 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations from 
non-linear time-history analyses of structures I2B/6IEff and I2B/6/3101ff 
I Theoretically, the structural ductility factor could have been adjusted to match the minimum base shear and this would have 
reduced the displacements given by the equivalent static and modal methods. 
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Table 8-8 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations and 
standard deviations from non-linear time-history analyses of structures 12B/6/Err and 12B/6/3101ff 
12BI61EIT 12BI6131011T 
Eq. static Modal 
Level rotatiolts * rotatiolts* 
Average Std. Average Std. 
rot. Dev. rot. Dev. (rad) (rad) 
(rad) (rad) (rad) (rad) 
1 0.0173 0,0193 0,0138 0,0058 0,0133 0,0059 
2 0,0235 0,0257 0,0145 0,0060 0,0144 0,0059 
3 0.0236 0,0249 0,0140 0,0061 0,0142 0,0061 
4 0.0223 0,0228 0,0142 0,0056 0,0144 0.0056 
5 0,0208 0,0206 0,0141 0,0054 0,0143 0,0055 
6 0,0196 0,0189 0,0133 0,0047 0.0134 0,0049 
7 0,0236 0,0223 0,0134 0,0027 0.0136 0.0027 
8 0,0243 0,0228 0,0116 0.0023 0,0116 0.0020 
9 0,0207 0,0194 0,0074 0.0017 0,0074 0,0017 
10 0,0164 0,0152 0.0032 0.0008 0.0033 0,0010 
11 0,0121 0,0109 0,0009 0,0004 0.0012 0.0006 
12 0,0079 0,0068 0.0003 0.0001 0.0002 0.0000 
Figure 8.6 shows the scatter of the maximum rotations from the non-linear time-history 
analyses of structure 12B/6/31Ol/T, The maximum beam rotations when using ground acceleration 
records Modified El Centro EW and Modified TAFT 1 match closely on the first 6 levels the beam 
rotations from the modal analysis, 
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Figure 8-6 Maximum beam rotations of structure 12B/6/31 01ff from non-linear time-history analyses 
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Table 8.9 shows the averaged maximum beam section ductilities for structures 12B/6/E/T and 
12B/6/3101/T from the non-linear time-history analyses and the beam ductility demand from the 
equivalent static and modal analyses. For both structures the highest average section ductility is 24 
which is well below the rotation ductility of 38 and 40 that result from the equivalent and modal 
analyses. 
Table 8-9 Design beam section ductilities and averaged maximum beam section ductilities for structures 12B/6/EIT and 
12B/6/310IIT 
Eq 
Modal 12B/6/E/T 12B/6/3101/T 
Level static 
S~ S~ S~ S~ 
1 24.1 26.9 19.1 18.4 
2 30.9 33.8 19.1 19.0 
3 33.4 35.3 19.8 20.1 
4 34.9 35.6 22.2 22.5 
5 35.8 35.5 24.3 24.6 
6 33.8 32.6 22.9 23.1 
7 35.8 34.0 20.5 20.7 
8 40.6 38.2 19.3 19.4 
9 34.7 32.5 12.4 12.5 
10 27.5 25.4 5.3 5.5 
11 20.3 18.3 1.4 2.1 
12 13.2 11.4 0.5 OJ 
8.2.2.5 Interior column rotations 
Table 8.10 shows the yield rotation, the averaged maximum rotation for the non-linear time-
history analyses, its standard deviation and the averaged maximum section curvature ductility for an 
interior column of structure 12B/6/3101IT. Besides the base of the column and the top floor column 
were plastic hinges are allowed and levell, which shows very small inelastic behaviour, all the other 
levels show no inelastic behaviour. 
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Table 8-10 Interior columns design yield rotation, averaged maximum rotation and standard deviation for non-linear 
time-history analyses of structure 12B/6/31011T 
12BI6131011T 12BI6131011T 
Avg. Std. 
level By 
rot dev. SfJ 
(rad) 
(rad) (rad) 
Avg. Std. 
level 
~, 
dev. SfJ rot (rad) 
(rad) (rad) 
G.L. 0.0013 0.0094 0.0044 7.0 6 Above 0.0013 0.0012 0.0002 0.9 
1 Below 0.0014 0.0007 0.0000 0.5 7 Below 0.0012 0.0011 0.0002 0.9 
1 Above 0.0014 0.0014 0.0004 1.1 7 Above 0.0012 0.0010 0.0001 0.8 
2 Below 0.0013 0.0012 0.0001 0.9 8 Below 0.0013 0.0012 0.0001 0.9 
2 Above 0.0013 0.0011 0.0002 0.8 8 Above 0.0013 0.0008 0.0001 0.6 
3 Below 0.0013 0.0011 0.0001 0.8 9 Below 0.0013 0.0012 0.0001 1.0 
3 Above 0.0013 0.0010 0.0001 0.8 9 Above 0.0013 0.0007 0.0001 0.5 
4 Below 0.0014 0.0011 0.0001 0.8 10 Below 0.0012 0.0011 0.0001 0.9 
4 Above 0.0014 0.0009 0.0001 0.7 10 Above 0.0012 0.0006 0.0001 0.5 
5 Below 0.0013 0.0010 0.0001 0.8 II Below 0.0012 0.0009 0.0001 0.7 
5 Above 0.0013 0.0008 0.0001 0.6 II Above 0.0012 0.0006 0.0001 0.5 
6 Below 0.0013 0.0010 0.0001 0.8 12 Below 0.0010 0.0033 0.0007 3.3 
Figure 8.7 shows the maximum rotations above and below the beam for structure 
12B/6/3101/T. The maximum column rotation ductility at the base of the column is 13 for the ground 
acceleration record Modified Taft 1. At the top floor the maximum column rotation ductility is 4.5 for 
the ground acceleration record EI Centro 1. From levels 1 through 11 the maximum column rotation 
ductility is 1.7 at level 1 above the beam for the modified ground acceleration EI Centro NS. 
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Figure 8-7 Column maximum rotations above and below the beam for nou-linear time-history analyses of structure 
12B/6/31011T 
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9. FOUR STOREY BUILDING 
The maximum allowable inter-storey drift according to the Loadings Standard 4203:1992 
(Standards New Zealand. 1992) when designed using the equivalent static or modal methods of 
analysis for a total height of the frame of 13.6 Ill, is 2.00%. For non-linear time-history analyses, the 
maximum allowable inter-storey drift is 2.50%. For the details of the structure see section 5.12 and 
appendix A. 
9.1 Equivalent Static Analysis Results 
The fundamental period estimated by the Rayleigh method was 1.10 seconds. The calculated 
base shear for the equivalent static analysis is 557.2 kN and the calculated maximum inter-storey drift 
for the equivalent static analysis after adding P-delta effects was 1.99 % of the storey height. Columns 
two and three in Table 9.1 show the resulting forces and inter-storey drifts fl:om the equivalent static 
analysis. Column four shows the P-delta induced forces factorised by the ~ factor and column five the 
total inter-storey drifts. The inter-storey drifts were reduced, as detailed in clause 4.8.1.5 of the 
Loadings Standard, NZS 4203:1992 (Standards New Zealand. 1992) and then scaled by the ductility 
factor to account for inelastic deformations. 
P-delta effects have a significant influence to the design of this four storey structure when in 
practice the P-delta effects could easily be overlooked. For this case, forces of the order of35% of the 
base shear from the equivalent static analysis are added in order to give the structure the appropriate 
strength to sustain P-delta effects. 
Table 9-1 Equivalent static analysis results for the four storey frame 
Eq static Eq. Static P-delta Eq static plus P-delta 
Storey Forces lllter-storey drifts Forces * lllter-storey drifts 
(kN) (%) (lcN) (%) 
1 51.26 1.12 10.25 1.58 
2 102.53 1.41 84.09 1.99 
3 153.79 1.16 70.25 1.53 
4 249.64 0.73 32.00 0.88 
,E= 557.22 196.58 
*Note that P-deltaforces have beellfactorised by j3. 
9.2 Modal Analysis Results 
Table 9.2 shows the dynamic properties of the four storey frame. The SRSS combination 
method was used. Table 9.3 shows the combined modal inter-storey drifts, the P-delta forces and the 
total inter-storey drifts. These drifts have been scaled for inelastic action as required in NZS 4203:1992 
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(Standards New Zealand. 1992). For this shucture the minimum base shear requirements are not critical. 
The combined modal base shear is of the order of 5.8 % of the total weight. 
Table 9-2 Dynamic properties of the four storey frame 
Effective mass % Mass Period Sal Vmux Mode 
(tolllles) (Cumulative) (seco/lds) (%g) (leN) 
1 766 85 I.IO 0.063 474.9 
2 92.13 96 0.34 0.152 137.4 
3 30.78 99 0.19 0.152 45.9 
4 81.64 100 0.13 0.152 121.7 
L;= 970.55 SRSS= 511.2 
Table 9-3 Modal inter-storey drifts and P-delta forces for four storey structure 
Modal combined P-delta Combined modal plus P-delta 
Storey Illter-storey drifts Forces luter-storey drifts 
(%) (leN) (%) 
1 l.15 18.94 1.62 
2 1.39 87.97 1.95 
3 1.08 66.86 1.43 
4 0.64 28.34 0.78 
.1:= 202.11 
*Note that P-deltaforces have beenfactorised by fJ. 
9.3 Non-linear Time-history Analyses Results 
Figures 9.1 and 9.2 show the top floor displacement versus time when shucture 4/6/E/T is 
subject to modified ground acceleration records El Centro EW and TAFT 1 respectively. 
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Figure 9-1 Model4/6fErr top floor displacement versus time and maximum inter-storey drifts response with and without 
P-delta for modified ground acceleration record EI Centro EW 
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Figure 9-2 Model 4/6/Eff top floor displacement versus time and maximum inter-storey drifts response with and without 
P-delta for modified ground acceleration record TAFT 1 
P-delta actions had a major influence on the response of structure 4/6/E/T when it was 
subjected to the modified El Centro EW ground acceleration record but very little influence when the 
analysis was made using the Taft 1 record. It should be noted that the Modified El Centro EW record 
was the most critical of the eight records used in the non-linear time-history analyses for this structure. 
Figures 9.3 and 9.4 show the top floor displacement history and the maximum inter-storey 
drifts for structures 4/6/310 liT and 4/6/1170/T when using the modified ground acceleration record El 
Centro EW. The maximum inter-storey drift at storey one from structure 4/6/E/T of 3.26 % is slightly 
greater than the corresponding value for structure 4/6/3101/T of3.19%. Structure 4/6/1170/T shows the 
greatest inter-storey drift of 4.5% at storeys one and two when using the modified El Centro EW 
ground acceleration record. An inter-storey displacement as high as 4.5%, could compromise the 
stability of the structure. Structures 4/6/310 l/T and 4/6/1170/T show an increase of 1.21 and 1.59 times 
its maximum inter-storey drifts when P-delta effects are included compared to the corresponding values 
when they are not. 
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Figure 9-3 Model 4/6/3101ff top floor displacement versus time and maximum inter-storey drifts response with and 
without P-delta for modified ground acceleration record El Centro EW 
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9.3.1 Axial load variation 
As mentioned before, just the variation of axial load in the interior columns is analysed 
because their rotation is studied later. Table 9.4 shows the design axial load for the interior columns of 
mode14/6/3101IT and a ratio between the design axial load over the maximum and the minimum axial 
load obtained from the non-linear time-history analyses using the four modified ground acceleration 
records. Table 9.5 shows the design reinforcement ratio (Pdesign) of the interior columns and the 
reinforcement ratio if these columns would have been designed using the most critical axial load 
resulting from the non-linear time-history analyses. The variation of the steel reinforcement when the 
columns were designed with the maximum axial load from the non-linear time-history analyses is 
negligible for all practical purposes. 
Table 9-4 Ratio between the design axial load ofinterior columns over maximum and minimum axial load values for non-
linear time-history analyses of structure 4/6/310111' 
Columll design axial load over maximum and millimum axial load 1rom lIo11-lillear time-history analyses 
Design EI Centro NS EL Centro EW TAFT 1 TAFT 2 
Level values 
Max Mill Max Mill Max Mill Max Min (kN) 
1 -311.3 1.10 0.94 1.07 0.92 1.07 0.92 1.09 0.93 
2 -231.0 1.08 0.95 1.07 0.93 1.08 0.94 1.12 0.93 
3 -150.7 1.08 0.94 1.09 0.90 1.09 0.92 1.17 0.93 
4 -70.4 1.15 0.88 1.20 0.90 1.19 0.85 1.18 0.88 
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Table 9-5 Interior column reinforcement ratio variation for most critical axial load case from non-linear time-history 
analyses of structure 4/6/31011T 
Level Pdesigll PIIlUX PIIlQX / Pdesigll 
1 0.0176 0.0176 1.00 
2 0.0326 0.0330 1.01 
3 0.0115 0.0118 1.03 
4 0.0054 0.0054 1.00 
9.3.2 Comparison between Frames with Different Columll Strengths 
In this section a summary of the results from the non-linear time-history analyses of models 
4/6/E/T, 4/6/3101IT and 4/6/1170/T using 8 ground acceleration records is presented. The main 
characteristics of these models are listed below. For more detail see section 5.12 and appendix A. 
1. Structure 4/6/E/T 
II! Designed to a ductility of 6 
., All beams comply with minimum steel requirements 
., Beams at levels 3 and 4 have the same strength 
.. Columns are elastic except at the base 
.. A Takeda hysteretic model is used for all elements 
2. Structure 4/6/3101IT 
.. Designed to a ductility of 6 
" All beams comply with minimum steel requirements 
iii Beams at levels 3 and 4 have the same strength 
.. Columns are designed to NZS 3101:1995 (Standards New Zealand. 1995) 
• A Takeda hysteretic model is used for all elements 
3. Structure 4/6/1170/T 
.. Designed to a ductility of 6 
.. All beams comply with minimum steel requirements 
.. Beams at levels 3 and 4 have the same strength 
.. Columns are designed to NZS 1170.5 draft for limited protection against plastic 
hinges 
.. A Takeda hysteretic model is used for all elements 
Appendix B, part two, shows the response of structures 4/6/E/T, 4/6/310 lIT and 4/6/1170/T when 
subject to each of the selected ground acceleration records. The same results as those described for the 
six storey structure are reported. 
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9.3.2.1 Base shear 
Table 9.6 shows the average peak base shear and the standard deviation for the non-linear 
time-history analyses using the 8 records without and with P-delta effects respectively for structures 
4/61E1T, 4/6/3l0lIT and 4/6/11701T. It shows as well the Equivalent static and combined modal base 
shear values and the sum of the forces added in each analysis to account for P-delta effects. 
For the equivalent static and modal analyses, the inclusion of P-delta effects represents an 
increase to the design forces of 35% and 39% of the design base shear respectively. For the non-linear 
time-history analyses, P-delta effects increase the averaged peak base shear by 16%, 11 % and 14% for 
structures 4/6/E/T, 4/6/310 lIT and 4/6/1170/T respectively compared to the corresponding value when 
P-delta effects are not included. Structure 4/6/E/T shows the greatest averaged peak base shear value 
when P-delta effects are considered by a 10% and 12% when compared to that of structures 4/6/31 OllT 
and 4/6/1170/T. Structures 4/6/3l01lT and 4/6/1l70/T show a 2% difference in their averaged peak 
base shear when P-delta effects are considered compared to the corresponding values when they are not. 
Table 9-6 Base shear summary for structures 4/6/EIT, 4/6/31 OIIT and 4/6/11701T 
4/6/E/T 4/6/3101lT 4/611170/T 
Eq. 
Modal 
Static 
(kN) (kN) (I.N) 
(I.N) 
(I.N) Std. Std. Std. 
Average 
Dev. 
Average 
Dev. 
Average 
Dev. 
Without 
Base shear 557.2 511.2 
PD 1064.2 88.8 1022.8 64.6 966.1 40.8 
P-LI 
196.6 202.1 Witlt PD 
induced* 1243.5 148.9 1137.5 114.1 11 07.6 161.7 
.E= 753.8 713.3 
*P-deltaforces are already multlplzed by the factor fJ. 
The averaged peak base shear with P-delta effects of structures 4/6/E/T, 4/6/310llT and 
4/6/1 1701T is 1.74, 1.59 and 1.55 times greater respectively than the sum of the earthquake and P-delta 
design lateral forces from the modal analysis. Appendix C shows the importance of damping forces for 
the analytical models in the non-linear time-history analyses. 
The averaged peak base shear from the non-linear analyses using the modified ground 
acceleration records is greater than the corresponding values when using the natural records by 6%, 4% 
and 9% for structures 4/61EIT, 4/6/310 lIT and 4/611170/T respectively. 
9.3.2.2 Inter-storey drifts 
Table 9.7 shows the average maximum inter-storey drifts for the eight ground acceleration 
records with P-delta effects for structures 4/61E1T, 4/6/310 lIT and 4/6/11701T and its standard 
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deviation. None of the averaged maximum inter-storey drifts exceed the allowable 2.5% limit. 
Structure 4/6/11701T shows a large standard deviation of up to 1.21 %. Structure 4/6/31OlIT shows a 
reduction of its averaged maximum inter-storey drift of 28% at the fIrst level when compared to its 
corresponding value for structure 4/6/E/T, but an increase at the third and fourth floors. Structure 
4/6111701T shows a 29% increase in its averaged maximum inter-storey drift at the second storey when 
compared with that from structure 4/6/3101/T. The averaged maximum inter-storey drifts from the non-
linear time-history analyses of structures 4/61E/T and 4/6/3101/T do not exceed the 2.0% design limit 
set for elastic analyses. 
Table 9-7 Average maximum inter-storey drifts and standard deviations considering P-delta effects using eight ground 
acceleration records for structures 4/6IEff, 4/6/3101ff and 4/6/1170ff 
4/6/EIT 4/6/3JOJIT 4/6/11701T 
Std. Std. Std. 
Avg. 
del'. 
Avg. 
del'. 
Avg. 
del'. 
Level (%) (%) (%) (%) (%) (%) 
~ J 2.00 0.66 1.76 0.73 1.91 1.21 
~ 
c!, 2 1.90 0.59 1.85 0.63 2.38 1.02 
..::: 
~ 3 1.50 0.44 1.81 0.60 1.85 0040 
4 1.07 0.44 1.43 0.47 0.95 0.20 
Table 9.8 shows the ratio between the maximum average inter-storey drift with P-delta effects 
over the corresponding value without P-delta effects. Structure 4/6/31011T and 4/6/1l70/T show an 
increase of 12% and 26% in its averaged maximum inter-storey drifts when the non-linear time-history 
analyses consider P-delta effects compared to its corresponding value when P-delta effects are not 
considered. 
Table 9-8 Comparison between the maximum average inter-storey drifts with P-delta and without P-delta for structures 
4/6/Eff, 4/6/3101ff and 4/6/1170ff 
Averaged maximum Illter-storey drifts 
With P-delta / Without P-delta 
Level 4/6/EIT 4/6/3JOIIT 4/6/JJ701T 
1 1.10 l.I2 1.23 
2 1.08 1. II 1.26 
3 1.05 l.I2 1.13 
4 1.08 1.09 1.03 
Figure 9.5 shows the maximum inter-storey drift from the non-linear time-history analyses of 
structures 461EIT, 4/6/3101IT and 4/6111701T. For both structures, the Modified E1 Centro EW ground 
acceleration gives the most critical maximum inter-storey drifts. Structure 4/6/310 liT shows a 
maximum inter-storey drift at the first storey of 3.2% for the modified El Centro EW ground 
acceleration record. Structure 4/6/11701T shows a maximum inter-storey drift for the modified ground 
acceleration record El Centro EW of 4.5% that would oniy avoid collapse if the structure was carefully 
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designed, detailed and built. This value has a great influence for the large standard deviation shown at 
storey 1 for tills structure. The maximum inter-storey drifts at the fIrst storey of structures 4/6/3101fT 
and 4/6/1170fT when using the modifIed El Centro EW ground acceleration record when P-delta 
effects are not considered are 2.6% and 2.8% respectively. For structure 4/6/3101lT, results show a 
similar scatter in all levels that is reflected in its standard deviation. 
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Figure 9-5 Maximum inter-storey drifts and its average of structures 4/6/3101rr and 416/1 1 70rr using eight ground 
acceleration records with P-delta effects 
Table 9.9 shows a comparison of the averaged maximum inter-storey drifts from the non-
linear time history analyses using the four modifIed ground acceleration records and those resulting 
from the natural ground acceleration records. Structures 4/6/E/T and 4/6/31 011T show an increment in 
its averaged maximum inter-storey drifts of up to 30% and structure 4/6/1170IT of up to 50% when 
using the modifIed ground acceleration records compared to the averaged maximum inter-storey drifts 
resulting from the non-linear time-history analyses when using the natural ground acceleration records. 
Table 9-9 Averaged maximum inter-storey drifts resulting from the non-linear time-history analyses using the four 
modified ground acceleration records compared to those using the four natural ground acceleration records for 
structures 4/6/Err, 4/6/3101rr and 4/6/1170rr 
Level 
1 
2 
3 
4 
416IEn 4161310ln 
Modified I Natural Modified I Natural 
1.32 1.33 
1.31 1.32 
1.25 1.28 
1.22 1.25 
THE LIBRARY 
UNIVERSllY OF CANTERBURY 
r.HRISTCHURCH. NL 
41611170n 
Modified I Natural 
1.51 
1.41 
1.25 
1.23 
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9.3.2.3 Maximum displacements 
Table 9.10 shows the averaged displacements and standard deviations of structures 4/6/E/T, 
4/6/310 liT and 4/6/1170/T for the eight ground acceleration records considering P-delta effects. 
Structure 4/6/E/T has a greater averaged maximum displacement than structures 4/6/310l/T and 
4/6/1170/T by 14% and 5% respectively at level 1. 
Table 9-10 Averaged maximum displacements of structures 4/6/Err, 4/6/3101rr and 4/611170rr with P-delta effects 
4/61EIT 416131011T 4/6111701T 
Std Std Std 
Level Average Average Average 
Deviation Deviation Deviation 
(m) (m) 
(m) 
(m) (m) (m) 
1 0.068 0.022 0.060 0.025 0.065 0.041 
2 0.132 0.042 0.122 0.047 0.145 0.075 
3 0.179 0.056 0.180 0.065 0.207 0.086 
4 0.209 0.067 0.224 0.077 0.236 0.090 
Figure 9.6 shows a comparison between the averaged envelope of displacements found in the 
non-linear time-history analyses with P-delta effects for structures 4/6/E/T, 4/6/310 I/T and 4/6/1170/T 
with the corresponding values found for the combined modal analysis with P-delta actions. The 
averaged envelope displacements of structures 4/6/E/T, 4/6/3101/T and 4/6/1170/T show a difference 
of 24%, 9% and 18% at levell, when compared to the corresponding value from the modal analysis 
with P-delta effects. 
o 0.05 0.1 0.15 0.2 0.25 
Displacement (m) 
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Figure 9-6 Averaged maximum displacements of structures 4/61Err, 4/6/3101rr and 4/6/1170rr for non-linear time-
history analyses considering P-delta effects compared to modal displacements plus P-delta effects 
Figure 9.7 illustrates the scatter of maximum displacements for the eight ground acceleration 
records and the modal plus P-delta actions deformed shape of structures 4/6/3101lT and 4/6/11701T. 
The modified ground acceleration record El Centro EW gives the most critical averaged maximum 
p 
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displacements for structures 4/6/31011T and 4/6/1170/T with 2 and 2.8 times the displacement at level 
1 from the modal analysis with P-delta effects. These values have a great inference in the standard 
deviation. 
4/6/3101/1' 4/6/1170/1' 
'" 0 '" 0 
" 0 
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5 
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M. TAFT2 0 ELC1 
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Figure 9-7 Maximum displacements of structures 4/6/3101rr and 4/6/1170rr for eight ground acceleration records 
9.3.2.4 Beam rotations 
Table 9.11 shows the beam rotation demand from the equivalent static and modal analyses and 
the averaged maximum beam rotations and standard deviations from the non-linear time-history 
analyses of structures 4/6/E/T, 4/6/310 liT and 4/611170/T calculated as described in sectioll 6.304.1. 
Table 9-11 Equivalent static and modal analysis beam rotation demand and average of maximum beam 
rotations and standard deviations of structures 4/6/Err, 4/6/3101rr and 4/6/1170rr using eight ground acceleration 
records 
Eq. 
Modal 
4/6/E/1' 4/6/3101/1' 4/6/1170/1' 
static 
Level rotatiolls 
Average Std. Average Std. Average Std. 
rotations rot. Dev. rot. Dev. rot. Dev. 
(rad) 
(rad) 
(rad) (rad) (rad) (rad) (rad) (rad) 
1 0.0189 0.0193 0.0179 0.0067 0.0158 0.0074 0.0151 0.0081 
2 0.0234 0.0230 0.0153 0.0052 0.0167 0.0065 0.0165 0.0037 
3 0.0180 0.0168 0.0118 0.0046 0.0142 0.0048 0.0091 0.0026 
4 0.D105 0.0094 0.0069 0.0045 0.0002 0;0000 0.0002 0.0000 
Figure 9.8 shows a comparison between the averaged envelope of displacements fourid in the 
non-linear time-history analyses with P-delta effects for structures 4/6/E/T, 4/6/310 lIT and 416/1 1701T 
with the corresponding values found for the combined modal and equivalent static analyses with P-
delta actions. For the 3 structures, all the averaged maximum beam rotation values from the non-linear 
time-history analyses are below the beam rotations for the modal and equivalent static analyses with P-
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delta effects. It should be noted that the design rotations from the modal and equivalent static analyses 
were scaled to match the 2.5% inter-storey drift expected in the non-linear analyses. The rotations at 
the top floor of structures 4/6/3101IT and 4/6/1170/T are reduced because column hinging was allowed 
in the design at this level. 
o 0.005 0.01 0.015 0.02 0.025 
Rotation (rad) 
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Figure 9-8 Equivalent static and modal analysis beam rotation demand and average of maximum beam rotations of 
structures 4/6/EIT, 4/6/3101IT and 4/6/1170IT from eight ground acceleration records 
Figure 9.9 shows the maximum beam rotations of structures 4/6/3101/T and 4/6/1170IT for 
the non-linear time-history analyses using the eight ground acceleration records. The modified EI 
Centro EW and EI Cenh"o 1 records are the only two that show maximum beam rotations that exceed 
the beam rotations from the equivalent static and modal analyses for both structures. At level one, the 
equivalent static beam rotation is exceeded by 60% for the non-linear time-history analyses of 
structures 4/6/3101/T and 4/6/1170/T using the modified EI Centro EW ground acceleration record. 
The scatter of the beam rotations at level 1 of both structures is evident. 
41613101lT 4/611170IT 
" ~ 2 x .. ... x- • 
..J 
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.005 0.01 0.015 0.02 0.025 0.03 0.035 
Rotation (rad) Rotation (rad) 
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x M. TAFT1 x M. TAFTZ . E1C1 x M. TAFT1 x M. TAFT2 E1C1 
+ E1C2 Tabas1 - Tabas2 + E1C2 Tabas1 
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Figure 9-9 Maximum beam rotations of structures 4/6/3101IT and 4/6/1170/T from non-linear time-history analyses 
Table 9.12 shows the average maximum beam section ductility for the eight earthquake 
records of structures 4/6/E/T, 4/6/31 01IT and 4/6/1170/T. The 3 structures show a maximum averaged 
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beam section ductility of 20 that is well below the corresponding value for the equivalent static and 
modal analyses. 
Table 9-12 Average of maximum beam section rotation ductilities 
Level 
Eq static Modal 4/6/E/T 4/6/3101/T 4/611170/T 
S~ SJl S~ SJl S~ 
I 22.8 23.4 21.7 19.1 18.2 
2 32.2 31.7 21.0 22.9 22.7 
3 34.9 32.7 23.0 27.6 17.7 
4 20.5 i 18.4 13.4 0.4 0.4 
9.3.2.5 Interior column rotatiolls 
Table 9.13 shows the yield rotation, By, the averaged maximum rotation for the eight non-
linear time-history analyses, its standard deviation and the averaged maximum curvature section 
ductility, S).l' for an interior column of structures 4/6/3l01lT and 4/6/1170/T respectively. Structure 
4/6/3l01lT shows a column rotation ductility of 10 at the base and top floor where the column was 
designed for plastic behaviour. For structure 4/6/310 liT, the maximum averaged section ductility is of 
3.2, below the beam of the third level. The greatest column rotation ductility for structure 4/6/1170/T is 
11.3 at ground level. 
Table 9-13 Interior columns design yield rotation, averaged maximum rotation and standard deviation for eight ground 
acceleration records for structures 4/6/3101rr and 4/611170rr 
4161310111' 4161117011' 
By Avg. rot Std. del'. 
(rad) (rad) (rad) Sp 
level t?, Avg. rot Std. del'. 
(rad) (rad) (rad) 
Sp 
G.L. 0.0013 0.0128 0.0060 10.2 0.0013 0.0141 0.0102 11.3 
1 Below 0.0013 0.0012 0.0001 0.9 0.0012 0.0030 0.0043 2.5 
1 Above 0.0013 0.0014 0.0001 1.1 0.0012 0.0078 0.0041 6.4 
2 Below 0.0014 0.0014 0.0002 1.0 0.0012 0.0066 0.0071 5.6 
2 Above 0.0014 0.0012 0.0002 0.9 0.0012 0.0023 0.0007 2.0 
3 Below 0.0012 0.0040 0.0037 3.2 0.0011 0.0086 0.0029 7.7 
3 Above 0.0012 0.0014 0.0006 1.1 0.0011 0.0015 0.0008 1.3 
4 Below 0.0011 0.0126 0.0043 11.4 0.0011 0.0079 0.0018 7.3 
Figure 9.10 shows the column yield rotation and the maximum rotation from the eight non-
linear time-history analyses of structure 4/6/310 liT. For the column sections below the beam, without 
considering the base of the column and the top floor, the maximum section rotation ductility from the 
non-linear time-history analyses is 10 at the third level when using the modified El Centro EW record. 
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The column sections above the beams show a maximum rotation ductility of 1.9 at the third level when 
using the ground acceleration record El Centro 1. 
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Figure 9-10 Maximum column rotations for non-linear time-history analyses to structure 4/6/31 OUT 
Figure 9.11 shows the column yield rotation and the maximum rotation from the eight non-
linear time-history analyses of structure 4/6111701T. The maximum section rotation ductility for the 
column sections below the beam, without considering the top floor and the ground level, is 19 at the 
second level when using the modified ground acceleration record El Centro EW. For the column 
sections above the beam, the maximum rotation ductility is 14 at level 1 for the modified ground 
acceleration record EI Centro EW. 
4161117011' 
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Figure 9-11 Maximum column rotations for non-linear time-history analyses to structure 4/6/1170rr 
Figure 9.12 compares the average maximum column rotation values for the non-linear time-
history analyses of structures 4/6/3101IT and 4/6/11701T. Structure 4/6/3101lT shows an increase of 
almost 3 fold in the averaged maximum column rotation at level three below the beam when compared 
to its respective value above the beam. Structure 4/6/1170/T shows an increase of 2.8 and 5.7 times the 
0.02 
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averaged maximum column rotation at levels two and three below the beam respectively when 
compared to its respective value above the beam. 
4/6/31011J' 4/6/11701J' 
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Figure 9-12 Comparison between average maximum rotations below and above the beam for structures 4/6/31 our and 
4/6/1170rr 
9.3.3 Earthquake retul'1l period of 2,500 years 
The response of structures 4/6/3101lT and 4/6/11701T for non-linear time-history analyses 
using ground acceleration records EI Centro 1 and Tabas 1, scaled to simulate a 2,500 years return 
period earthquakes as described in section 5.13.3, was obtained. Table 9.14 summarizes the response of 
structure 4/6/310 liT and figure 9.13 shows the response of structure 4/6/1170/T when using ground 
acceleration record EI Centro 1. Table 9.22 shows the results for non-linear time-history analyses of 
structures 4/6/310 lIT and 4/6111701T using the ground acceleration record Tabas 1. All analyses were 
run considering P-delta actions. 
With the EI Centro 1 record the analysis indicated that collapse occurred for structure 
4/6/11701T. With structure 4/6/310 liT no collapse was indicated. However, as the inter-storey drifts 
reached 8%and the section curvature in the beams reached 84 times the yield curvature, it is urilikely 
that collapse would have been avoided. Deformations of this order would have caused strength 
degradation, and this was not modelled in the analyses. 
The maximum inter-storey drifts 3.66% and 4.66 % for structures 4/6/3101lT and 4/6/1170IT 
respectively when using the ground acceleration record Tabas 1 scaled to a 2,500 years return period 
earthquake indicate that the collapse of the structure could be avoided if its elements are well detailed. 
Beam rotations are critical at level two of both models reaching values of 0.0357 and 0.0316 radians 
which represent a section rotation ductility of 49 and 43 respectively. 
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Table 9-14 Results for non-linear time-history analysis of structure 4/6/3101rr using El Centro 1 ground acceleration 
record scaled to match a 2,500 years return period earthquake 
Record UEl Centro 1" 
41613101n 
4 x 4 
3 x 3 
~ 
5 
~ 0; :: :s ~ 2 x '<i 0; ~ <l i; 2 -.J ~ -.J ~ ~ 
.... ~ 
"" ~ 1 x :: ::: 
.... .~ 1 ~ 
~ 
0 
0 2 4 6 8 0 
Inter-storey drift 1%) 0.000 0.200 DADO 0.600 0.800 
x wpd Displacement 1m) 
--wPD 
Interior colulIl/I rotation Celltre spall beam rotatiolls Level 
G_L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
(rad) 
0.0634 1 
0.0174 2 
0.0069 3 
0.0020 4 
0.0017 
0.0153 
0.0017 
0.0348 
EI Centro 1 
2,500 years return period earthquake 
4/6/1170fT 
(rad) 
0.0588 
0.0612 
0.0430 
0.0003 
0.500.,------·----------------.-------, 
:§: -0.500 
0. 
(fJ 
is -1.000 
-1.500 \ 
-2.000 -'------------------------------' 
o 10 20 30 
Time (sec) 
..... wPD 
40 50 60 
Figure 9-13 Top floor displacement versus time for non-linear time-history analysis using ground acceleration record El 
Centro 1 scaled to a 2,500 years return period earthquake of structure 4/6/1170rr. 
---
-, 
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Table 9-15 Results for non-linear time-history analysis of structure 4/6/3101rr and 4/6/1170rr using Tabas 1 ground 
acceleration record scaled to match a 2,500 years return period earthquake 
Record "Tabas 1 " 
4161310liF 41611170iF 
4 x 4 x 
3 x 3 x 
tl S- a; a; {j ~2 x P x 
~ .... .... 
.... 
<:> 
..... 
'" .!.
~ 1 x 1 x 
.::; 
0 0 
0 1 2 3 4 5 0 1 2 3 4 5 
Infer-storey drift (%) Inter-storey drift (%) 
x wpd • w/o PD xwpd 
4 4 
3 3 
tl § 
::: 
'" ~ 2 a; <.> 1; 2 
..!:! 
~ .... .... 
~ 
:: 
J 
1 1 
0 0 
0.000 0.250 0.500 0.000 0.250 0.500 
Displacement (m) Displacement (m) 
->+-wPD -+-w/o PD ->+-wPD 
Level Centre spall beam rotations Celltre spall beam rotatiolls 
(rad) (rad) 
1 0.0352 0.0290 
2 0.0357 0.0316 
3 0.0234 0.0130 
4 0.0003 0.0002 
Interior columll rotatioll Interior columll rotatioll 
(rad) (rad) 
G.L. 0.0281 0.0291 
1 Below 0.0014 0.0078 
1 Above 0.0015 0.0177 
2 Below 0.0016 0.0161 
2 Above 0.0016 0.0052 
3 Below 0.0121 0.0168 
3 Above 0.0046 0.0032 
4 Below 0.Q205 0.0103 
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ductility is reduced, the number of beams to which the strength has to be increased to comply with 
minimum steel requirements decreases. For the structure 6/1/EIT all the beams are designed to the 
minimum required strength. This is also reflected in the averaged maximum inter-storey drifts. At 
storey one, the structure designed to a ductility of 6 has the greatest averaged maximum inter-
storey drift while at the 6th storey the most critical value comes from the structure designed to a 
ductility of 1. 
By comparing the inter-storey drifts coming from the displacement envelope of the non-linear 
time-history analyses of the structures designed to different ductility levels with the real inter-
storey drifts, it could be seen that the change in assessing the forces to account for P-delta effects 
in a modal or an equivalent static analyses using the maximum displacements or the maximum 
inter-storey drifts would be negligible for the lower levels which are the most critical. 
3. Effect of the choice of hysteretic model: 
The maximum inter-storey drifts and maximum displacements of a six and a twelve storey 
structures were compared when each of these structures were modelled with a Takeda and a 
bilinear hysteretic model. For the six and the twelve storey structures wheIYP-delta effects are not 
considered, the difference of the maximum inter-storey drifts from the structures modelled with a 
Takeda hysteretic model show a negligible difference when compared to the conesponding values 
of the structures modelled using a bilinear hysteretic model. If P-delta effects are considered, a 
maximum inter-storey drift greater by up to 9% is shown for the 6 storey structure using the 
bilinear hysteretic model over the conesponding values when it is modelled using a Takeda 
hysteretic model. This value goes up to 40% for the 12 storey structure. 
4. Base shear: 
The averaged maximum base shear from the non-linear time-history analyses of all structures 
considering P-delta effects was around twice the base shear from the modal and equivalent static 
analyses with the addition of P-delta forces. This increment comes from the difference in shear 
distribution in the elastic and non-linear analyses, the strength increase in the beams due to the 
strength reduction factor, the minimum longitudinal reinforcement requirements and the strain 
hardening of the reinforcement. As shown in appendix C, the damping forces are having a great 
influence in the base shear and the different damping models and its effects in the analyses should 
be further studied .. This difference in the base shear from the elastic analysis should be accounted 
for and the beams and columns designed accordingly. 
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5. Maximum inter-storey drifts: 
The averaged maximum inter-storey drifts of all structures, with the three different types of 
columns are always less than 2.5% when P-delta effects are included. The averaged maximum 
inter-storey drifts of the structures modelled with columns designed for a high protection against 
plastic hinges are closer to the inter-storey drift limit set for the elastic analyses of each structure 
than to the 2.5% limit set for the inelastic analyses. The structures modelled with columns with a 
low protection against plastic hinges show an averaged maximum inter-storey drift closer to 2.5%. 
If structures would have used a bilinear hysteretic model instead of a more realistic Takeda model, 
the maximum inter-storey drifts would be expected to be greater than the 2.5%. 
The maXImum inter-storey drifts from the non-linear time-history analyses showed great 
scatter and for every structure, at least one record exceeded the 2.5% limit. The 12 storey A 
structure and the 4 storey structure showed for one record a maximum inter-storey drifts of 5.4% 
and 4.4% respectively for the models with columns designed to a low protection against the 
formation of plastic hinges. A structure that shows inter-storey drifts of this magnitude would only 
avoid collapse with proper detailing and construction. 
6. Beam rotations: 
The averaged maximum beam rotation ductilities for all structures were not greater than 27 
and in every structure a beam rotation ductility of at least 20 was found. The difference in the 
averaged maximum beam rotations between the structures with different column characteristics did 
not vary significantly. In any case the averaged maximum beam rotation exceeded the design beam 
rotation from the modal or the equivalent static analyses. 
7. Interior colunm rotations 
For the structures with columns designed with a high protection against the formation of 
plastic hinges the averaged maximum rotation ductility was in all cases close to 1. The most 
critical averaged maximum column rotation ductility for the 6 storey structure was 1.95 and for the 
two 12 storey structures and the 4 storey structure, the averaged maximum column rotation 
ductility never exceeded 1.1. 
For the structures designed with columns with a low protection against the formation of plastic 
hinges, the maximum column rotation ductility was always less than 11. 
8. Structures with elastic columns above the base and structures with columns designed for a 
high protection against plastic hinge formation: 
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At all cases, the results from the non-linear time-history analyses of structures modelled with 
elastic columns above the base compared to those for the structures modelled with columns with a 
high protection against plastic hinges were found to have small variation. This would verify that 
enough strength has been given to the columns to avoid plastic hinging. 
9. Structures with columns designed for a high protection against plastic hinge fomlation (3101) 
and structures with columns designed for a low protection against plastic hinge formation 
(1170): 
Even though inelastic behaviour was observed in the columns of structures designed with a 
low protection against plastic hinge formation, the beam rotation did not decrease significantly 
when compared to the structures designed with a high protection against plastic hinge formation. 
Structures 6/6/1170/T, 12A16/1170/T and 4/6/1170/T showed a decrease in the averaged 
maximum base shear of 9%, 4% and 2% respectively when compared to the corresponding values 
for structures 6/6/3 101 IT, 12A16/31 0 1 IT and 4/6/3101 IT. 
For the six storey structure, the different column designs did not show a significant variation 
on the averaged maximum inter-storey drifts. Structures 12A16/1170/T and 4/6/1171IT showed an 
increase in the averaged maximum inter-storey drift that went from 1.70% and 1.85% respectively 
to 2.23% and 2.38% for the shuctures 12A16/31 0 liT and 4/6/3101/T. 
10. P-delta effects 
For the structures modelled with the columns with a high protection against plastic hinges, the 
inclusion of P-delta effects in the analyses indicated an increase in the averaged maximum inter-
storey drifts of 12% for the 4 and 6 storey structures and a 25% for the 12 storey A and B 
structures from the non-linear time-history analyses. For the structures modelled with the columns 
with a low protection against plastic hinges, the inclusion of P-delta effects increased the averaged 
maximum inter-storey drifts by 15%, 51 % and 23% for the 6, 12A and 4 storey structures. 
The base shear showed an increase between 9% and 14% for the non-linear time-history 
analyses that included P-delta effects when compared to those that did not. This increase had little 
variation in all the structures, including the models with different column designs. 
It is clear that P-delta effects have significant effects even for the four storey structures. Since 
P-delta effects are always present in real structures, it is suggested that they should be considered 
in the design and analysis of all structures. 
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11. Ground acceleration records modified to match the design spectra across the.iliole range of 
periods compared to natural ground acceleration records: 
The use of modified ground acceleration records did not have a great influence in the averaged 
maximum base shear of the structures. The most critical cases were the 6 and 4 storey structures 
that showed an increase in its averaged maximum base shear of 11 % and 9% for the non-linear 
time-history analyses using the modified ground acceleration records when compared to the 
corresponding value when using the natural ground acceleration records. The structures 12A and 
12B showed an increase of 2% and 6% respectively when using modified ground acceleration 
records compared to the corresponding results using the natural ground acceleration records. 
The averaged maximum inter-storey drift showed a great increase when using the modified 
ground acceleration records compared to the results using the natural ground acceleration records. 
This increase was particularly marked for the structures designed with columns with a low 
protection against the formation of plastic hinges showing an increase of 62%,280% and 50% for 
the 6, 12A and 4 storey structures. The structures designed with a high protection against plastic 
hinges showed an increase of 42%,84%,77% and 33% for structures 6/6/31Ol/T, 12A16/3101lT, 
12B/6/3101/T and 4/6/3101IT respectively when the averaged maximum inter-storey drift using 
the modified ground acceleration records are compared to the corresponding values using the 
natural ground acceleration records. 
The modified ground acceleration records showed a large scatter in the maximum inter-storey 
drifts, maximum displacements and maximum beam and column rotations. 
12. Earthquake with a return period of 2,500 years return period 
The six storey structures 6/6/3101lT and 6/611170/T performed fine for the 2,500 years return 
period earthquakes showing a maximum inter-storey drift of 4.2% and 4.8% respectively for the 
ground acceleration record El Centro 1. Structures 12A/6/3101/T and 12A16/1170/T collapsed 
showing a soft first storey when subject to the El Centro 1 ground acceleration record. Structure 
4/6/1170/T also collapsed under the E1 Centro 1 ground acceleration record and structure 
4/6/3101/T showed a maximum inter-storey drift of 8% which would have lead a real structure to 
collapse. It should be noted that strength degradation was not modelled but it would be expected in 
real structures subjected to ground accelerations of this magnitude. 
P-delta effects were shown to have a significant influence even in the response of the four and 
six storey structures. In general, the structures studied performed in a satisfactory manner due to the use 
of a more realistic hysteretic model. This good performance was apparent for the global behaviour of 
the structure as well as for its individual elements but further studies should be made to assess its 
performance to the maximum credible event described by the Standard. 
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11. SUGGESTIONS FOR FURTHER RESEARCH 
From this work it was found that further research should be undertaken in the following areas: 
to Investigate the effects of different damping models on the response of ductile frames. The 
damping models used in these studies indicate the presence of significant damping forces 
and their influence to the response of the structures is not yet fully understood. 
.. A limited number of non-linear time-history analyses were run using a 2,500 year return 
period earthquake in which the structures developed a soft storey. The response of 
structures to the maximum credible event considering the effects of strength degradation 
should be further studied. 
.. The family scaling factor, k2' for the ground acceleration records described in the NZS 
draft 1170.5 was not included in the scaling of the ground acceleration records in this 
work. It should be investigated how the inclusion of this scaling factor would have 
affected the results and assessed how conservative would the results obtained using 
ground acceleration records scaled in this manner would turn out to be. 
II The scatter of the results from the non-linear time-history analyses should be investigated 
and its influence when designing structures by non-linear time-history analyses using a 
given number of ground acceleration records. 
.. Soil-structure interaction was not included in this work. Research considering P-de1ta 
effects, a realistic hysteretic model and soil structure interaction should be undertaken for 
the different zones in New Zealand, particularly those with softer soils. 
.. The high shears resulting from the non-linear time-history analyses should be studied in 
more detail and the shear design process for beams and columns revised. It would also be 
interesting to include the effects of shear deformation and the effects of member 
elongation to the analyses. 
@ In this project, the minimum longitudinal steel reinforcement ratio was not considered in 
the design of columns. Studies should be made to check the effect it would have in the 
rotation of the columns, especially those designed with a low protection against the 
formation of plastic hinges. 
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APPENDIX A. CHARACTERISTICS OF STRUCTURES 
For a general description of each model for all structures see section 5.1. For the beam and columns 
cross sections see section 5.12. 
A.I Six Storey Building 
The post-yield stiffuess M used for all the members in the six storey structures is 0.007. 
Table A-I Six storey structure beams effective moment of inertia 
Beams effective momellt ofillertia (leu) 
(1/1 4) 
Model 
Level 6161E11'* 6161E11' 6161310111' 6161117011' 616IEIB 6141E11' 6121E11' 6111E11' 
1 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
2 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
3 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
4 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
5 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
6 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 0.00866 
Notes: 
The gross moment ofillertia was calculated using half/he width of the flange. 
For details on the section dimensions, see section 5.12 
19rass = 0.4 Jeff 
Table A-2 Six storey structure beam nominal moments at column face after redistribution 
Beam lIomillallllomellts at COIUIIIII face after redistributioll 
(leNtil) 
Model 
Level 6161E11'* 6161E11' 6161310111' 6161117011' 616IEIB 6141E11' 6121E11' 6111E11' 
J 464.3 464.3 464.3 464.3 464.3 625.0 1038.8 1917.7 
2 452.3 452.3 452.3 452.3 452.3 610.9 1024.2 1902.3 
3 372.4 372.4 372.4 372.4 372.4 509.6 878.7 1645.0 
4 286.2 372.4 372.4 372.4 372.4 396.1 701.6 1308.1 
5 192.8 372.4 372.4 372.4 372.4 396.1 484.2 890.4 
6 89.0 372.4 372.4 372.4 372.4 396.1 484.2 407.1 
Notes: 
Since these are momellls after redistribution, they are along the three spans at each level. 
Mn =M I¢ " where ¢ = 0.85 
The over-strength factor used for column design is 1.1. 
--
A-lIS 
Table A-3 Six storey interior and exterior columns effective moment of inertia 
IlIIerior alld exterior COIUIIlIIS effective momellt ofillertia 
(m4) 
Model 
Level 6/6/E/l'* 6/6/E/l' 6/6/3101/l' 6/6/11701T 6/6/E1B 6/4/E1T 612/E/l' 6/1/E1T 
1 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
2 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
3 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
4 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
5 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
6 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615 
Noles: 
For details all the sectioll dimensions, see section 5.12 
I gross = 0.4 Ieif 
Table A-4 Six storey interiOl' column nominal moments at beam face 
Interior COIUIIIII nominal moments at beam face 
(kNm) 
At ground level, design moments come from Modal analysis plus P-delta induced forces factorised by a factor of 1 10.85. 
Table A-S Six storey exterior column nominal moments at beam face 
Exterior COIUIIIII nominal moments at beam face 
(kNIII) 
A-119 
Table A-6 Six storey interior column design axial forces 
Interior COlUIIIII design a.:l:ial forces. 
(kN) * 
Model 
Table A-7 Six storey exterior column design axial forces 
Exterior Colullln design axial forces. 
(kN) 
Table A-8 Six storey interior column reinforcement ratios 
A-120 
Table A-9 Six storey exterior column reinforcement ratios 
Exterior 
61IlEIT 
0,0175 
0,0091 
0,0084 
0,0069 
0,0054 
0,0037 
0,0020 
A.2 Twelve Storey Buildillg A 
The post-yield stiffness (1') used for all the members in the twelve storey A structures is 0.004. 
Table A-IO Twelve st()rey building A, beams effective moment of inertia 
Beams effective moment of inertia (leu) 
(1/1 4) 
Model 
Level 12AJ6IEIT 12AJ613101IT 12AJ6111701T 12AJ61E1B 
1 0.0158 0.0158 0.0158 0.0158 
2 0.0158 0.0158 0.0158 0.0158 
3 0.0158 0.0158 0.0158 0.0158 
4 0.0158 0.0158 0.0158 0.0158 
5 0.0158 0.0158 0.0158 0.0158 
6 0.0158 0.0158 0.0158 0.0158 
7 0.0158 0.0158 0.0158 0.0158 
8 0.0158 0.0158 0.0158 0.0158 
9 0.0158 0.0158 0.0158 0.0158 
10 0.0158 0.0158 0.0158 0.0158 
11 0.0158 0.0158 0.0158 0.0158 
12 0.0158 0.0158 0.0158 0.0158 
Notes: 
The gross moment of inertia was calculated using half the width of the flange. 
For details all the section dimensions, see section 5.12 
Ig"",, = 0.4 Ieff 
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Table A-ll Twelve storey building A, beam nominal moments at column face after redistribution 
Beam /lominalmoments at COIUlt/11 face after redistributioll 
(kNm) 
Model 
Level I2A161E11' 12A16/3IOIIT 1 2A16/I 1 701T 12A161E1B 
1 673.2 673.2 673.2 673.2 
2 699.0 699.0 699.0 699.0 
3 647.6 647.6 647.6 647.6 
4 588.3 588.3 588.3 588.3 
5 528.5 528.5 528.5 528.5 
6 528.5 528.5 528.5 528.5 
7 528.5 528.5 528.5 528.5 
8 528.5 528.5 528.5 528.5 
9 528.5 528.5 528.5 528.5 
10 528.5 528.5 528.5 528.5 
11 528.5 528.5 528.5 528.5 
12 528.5 528.5 528.5 528.5 
Notes: 
Since these are moments after redistribution, they are along the three SpOilS at each level. 
Mn = M I¢ ; where ¢ = 0.85 
The over-strength factor used for column design is 1.1. 
Table A-12 Twelve storey building A, columns effective moment of inertia 
Illterior alld exterior columlls effective //Iomellt of illertia 
(m') 
Model 
Level 12A161E1T 12A16131011T 12A16/11701T 12A161E1B 
1 0.00914 0.00914 0.00914 0.00914 
2 0.00914 0.00914 0.00914 0.00914 
3 0.00914 0.00914 0.00914 0.00914 
4 0.00914 0.00914 0.00914 0.00914 
5 0.00914 0.00914 0.00914 0.00914 
6 0.00914 0.00914 0.00914 0.00914 
7 0.00914 0.00914 0.00914 0.00914 
8 0.00914 0.00914 0.00914 0.00914 
9 0.00914 0.00914 0.00914 0.00914 
10 0.00914 0.00914 0.00914 0.00914 
11 0.00914 0.00914 0.00914 0.00914 
12 0.00914 0.00914 0.00914 0.00914 
Notes: 
For details all the section dimensions, see section 5.12 
Iwv" = 0.4 Jeff 
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Table A-13 Twelve storey building A, interior column nominal moments at beam face 
Level 
G.I. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Notes: 
Interior Colullln lIomillalmomellts at beam face 
(kNm) 
At ground level, design moments corne from Modal analysis plus P-delta 
induced forces factorised by a factor of 1/0.85. 
Table A-14 Twelve storey building A. exterior column nominal moments at beam face 
Notes: 
Exterior Column /lominalmomellts at beam face 
(kNm) 
Model 
At ground level, design moments corne from Modal analysis plus P-delta 
induced forces factorised by a factor of 1 /0.85. 
-A-123 
Table A-IS Twelve storey building A, interior column design axial forces 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Interior Coll/llt/l design axial forces. 
(kN) * 
-1354.7 
-1354.7 
-1230.3 
-1230.3 
-1105.8 -1105.8 
-981.4 
-856.9 
-732.4 
-608.0 
-483.5 
-359.1 
-234.6 
-110.1 
-110.1 
Table A-I6 Twelve storey building A, exterior column design axial forces 
Exterior Column desigll axialforees. 
(kN) * 
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Table A-17 Twelve storey building A, interior column reinforcement ratios 
Illterior COIUIIIII 
At ground level, design moments come from Modal analysis plus P-delta 
induced forces factorised by a factor of I /0.85. 
Table A-IS Twelve storey building A, exterior column reinforcement ratios 
At ground level, design moments come from Modal analysis plus P-delta 
induced forces factorised by a factor of I /0.85. 
A-125 
A.3 Twelve Storey Building B 
The post-yield stiffness (r) used for all the members in the twelve storey B structures is 0.004. 
Table A-19 Twelve storey building B, beams effective moment of inertia 
Beams effective moment of inertia (Ief;) 
(Ill') 
Model 
Level 12B161E/T 12B1613101/T 12BI611170/T 
1 0.01580 0.01580 0.01580 
2 0.01580 0.01580 0.01580 
3 0.01580 0.01580 0.01580 
4 0.01580 0.01580 0.01580 
5 0.01580 0.01580 0.01580 
6 0.01580 0.01580 0.01580 
7 0.00929 0.00929 0.00929 
8 0.00929 0.00929 0.00929 
9 0.00929 0.00929 0.00929 
10 0.00929 0.00929 0.00929 
11 0.00929 0.00929 0.00929 
12 0.00929 0.00929 0.00929 
Notes: 
The gross moment of inertia was calculated !Ising half the width of the flange. 
For details on the section dimensions, see section 5.12 
Igross = 0.4 Irff 
Table A-20 Twelve storey building B, beam nominal moments at column face after redistribution 
Beam /lominal fII om ellts at colulIln face after redistribution 
(kNm) 
Model 
Level 12B161E/T 12B1613101/T 12BI611170/T 
I 632.0 632.0 632.0 
2 667.6 667.6 667.6 
3 619.4 619.4 619.4 
4 561.5 561.5 561.5 
5 509.4 509.4 509.4 
6 509.4 509.4 509.4 
7 406.9 406.9 406.9 
8 369.9 369.9 369.9 
9 369.9 369.9 369.9 
10 369.9 369.9 369.9 
11 369.9 369.9 369.9 
12 369.9 369.9 369.9 
Notes: 
Since these ~}'e moments after redistribution, they are along the three spans at each level. 
Mn =M /¢ .. where ¢= 0.85 
The over-strength/actor usedfor column design is 1,1. 
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Table A-21 Twelve storey building B, columns effective moment of inertia 
Interior and e.xterior collllllns effective moment of inertia 
(1/1 4) 
Model 
Level 12BI61E1T 12BI6131011T 12BI6111701T 
1 0.01010 0.01010 0.01010 
2 0.01010 O.QJ OJ 0 0.01010 
3 0.01010 O.QJ OJ 0 0.01010 
4 0.01010 0.01010 O.QJOJO 
5 0.01010 0.01010 O.QJOJO 
6 0.01010 0.01010 0.01010 
7 0.00743 0.00743 0.00743 
8 0.00743 0.00743 0.00743 
9 0.00743 0.00743 0.00743 
10 0.00743 0.00743 0.00743 
11 0.00743 0.00743 0.00743 
12 0.00743 0.00743 0.00743 
Notes: 
For details all the sectioll dimensiolls, see section 5.12 
117",' = 0.4 IelT 
Table A-22 Twelve storey building B, interior column nominal moments at beam face 
Iltterior COllllll1t nominal moments at beam face 
(kNm) 
At ground level, design moments come from Modal analysis plus P-
delta induced forces factorised by a factor of I /0.85. 
*At level 6, there's a change of the column section below and above 
the beam. Because of this, each section is designed with a different 
nominal moment. The values shown here are below / above. 
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Table A-23 Twelve storey building B, exterior column nominal moments at beam face 
10 
11 
12 
Notes: 
Exterior Columll llomillallllomellts at beam face 
(kNm) 
Model 
12B/6/3101IT 
At ground level, design moments come from Modal analysis plus P-
delta induced forces factorised by a factor of I /0.85. 
*At level 6, there's a change of the column section below and above the 
beam. Because of this, each section is designed with a different nominal 
moment. The values shown here are below / above. 
Table A-24 Twelve storey building B, interior column design axial forces 
Illterior COlUlII1I design axial forces. 
(kNJ* 
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Table A-25 Twelve storey building B, exterior column design axial forces 
Exterior Columll desigll axial forces. 
(kN) * 
Table A-26 Twelve storey building B, interior column reinforcement ratios 
At ground level, design moments come from Modal analysis plus 
P-delta induced forces factorised by a factor of 1/0.85. 
*At level 6, there's a change of the column section below and 
above the beam. Both sections have the same amount of steel. The 
values shown here are reinforcement ratios below I above the 
beam. 
...... 
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Table A-27 Twelve storey building B, exterior column reinforcement ratios 
Exterior column reilzforcement ratios 
Model 
At ground level, design moments come from Modal analysis plus P-delta 
induced forces factorised by a factor of I 10.85. 
* At level 6, there's a change of the column section below and above the 
beam. Both sections have the same amount of steel. The values shown here 
are reinforcement ratios below I above the beam. 
A.4 Four Storey Building 
The post-yield stiffuess (r) used for all the members in the four storey structures is 0.007. 
Table A-28 Four storey structure beams effective moment of inertia 
Beams effective moment of inertia (IenJ 
(m4) 
Model 
Level 416/E17' 4/6/310117' 4/6/117017' 
1 0.00585 0.00585 0.00585 
2 0.00585 0.00585 0.00585 
3 0.00585 0.00585 0.00585 
4 0.00585 0.00585 0.00585 
Notes: 
The gross moment of inertia was calculated using half the width of the flange. 
For details all the section dimensions, see section 5.12 
19ross = O.41eIf 
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Table A-29 Four storey structure beam nominal moments at column face after redistribution 
Beam /lomillalmomellts at column face after redistributioll 
(kNm) 
Model 
Level 4/61£11' 4161310111' 4/6/117011' 
1 345.5 345.5 345.5 
2 303.8 303.8 303.8 
3 215.0 215.0 215.0 
4 215.0 215.0 215.0 
Notes: 
Since these are moments after redistribution, they are along the three spans at each level. 
Mil =M h; where ¢= 0.85 
The over-strength factor usedfor column design is 1.1. 
Table A-30 Four storey interior and exterior columns effective moment of inertia 
Interior alld exterior columns effective mOlllent of inertia 
(Ill') 
Model 
Level 4161£11' 4161310111' 41611170/F 
1 0.00407 0.00407 0.00407 
2 0.00407 0.00407 0.00407 
3 0.00407 0.00407 0.00407 
4 0.00407 0.00407 0.00407 
Notes: 
For details all the section dimensions, see sectioll 5.12 
1"",." = 0.4 lefT 
Table A-31 Four storey interior column nominal moments at beam face 
Illterior Colullln lIomillaimoments at beam face 
(kNm) 
Model 
416/11 
448.0 
345.0 
At ground level, design moments come from Modal analysis plus P-delta induced forces factorised by a factor of I /0.85. 
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Table A-32 Four storey exterior column nominal moments at beam face 
Exterior Columll lIomillalmomellts at beam face 
(kNm) 
Table A-33 Four storey interior column design axial forces 
Interior COIUIIIII desigll axial forces. 
(kN) * 
Table A-34 Four storey exterior column design axial forces 
Exterior Columll desigll axial forces. 
(kN) 
Table A-35 Four storey interior column reinforcement ratios 
A-132 
Table A-36 Four storey exterior colu mn reinforcement ratios 
F 
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APPENDIX B. NON-LINEAR TIME-IDS TORY ANALYSES RESULTS 
The results given in this appendix for each structure for each of the ground acceleration 
records are: 
1. The maximum base shear with and without P-delta effects 
2. A graph and the values of the maximum inter-storey drifts with and without P-delta 
effects 
3. A graph showing the maximum displacements with and without P-delta effects 
4. The maximum rotation of plastic hinge on the left side of the beams in the central span 
5. The maximum rotation of the plastic hinge on one of the interior columns for levels one 
through six. 
E.1 Six Storey Buildillg 
Table B-1 Result comparison between models 6/6fErr, 6/6/3101rr and 6/6/1170rr for Modified El Centro NS ground 
acceleration record 
Modified EI Centro NS 
616/E/f 61613101/f 61611170fT 
~Jaxil1lulII base shear Maximum base shear ~Jaxilllum base shear 
(kN) (kN) (kN) 
Wlo P-LI 1348.1 1346.0 1252.9 
With P-LI 1493.3 1492.2 1353.1 
6 
" 
6 
'" 
6 lI. 
5 ,.. 5 ,. 5 x A 
4 ,. 4 ~ 4 AX 
$ 0; Qj Qj ~ 3 x ~ 3 . " iii 3 AX {j 
..J ..J ..J 
~ 
... 
~ 2 AX 2 AX 2 AX 
'" .!.
,'!l 
..:; 
1 AX 1 AX 1 XA 
0 a a 
0 1 2 3 0 1 2 a 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
Aw/oPD xwPD A w/o PD xwPD .. w/o PO xwPD 
Inter-storey drifts envelope Inter-storey drifts ellvelope Illter-storey drifts ellvelope 
(% o/storey height) (% o/storey height) (% o/storey height) 
Storey Withom P-LI With P-LI Without P-.d With P-LI Without P-.d WithP-LI 
1 1.28 1.42 1.28 1.42 0.96 0.89 
2 1.42 1.50 1.41 1.50 1.38 LSI 
3 1.38 1.38 1.37 1.38 1.64 1.78 
4 1.06 1.03 1.06 1.04 1.52 1.64 
5 0.59 0.56 0.59 0.56 0.95 0.73 
6 0.30 0.28 0.30 0.28 0.45 0.43 
--
l:l 
=: 
~ 
=: 
~ 
~ 
E} 
~ 
=: 
::: 
:: 
~ 
Level 
1 
2 
3 
4 
5 
6 
Level 
1 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6!61Etr 
6 
5 
4 
'" ~ 3 
-J 
2 
0 
0 0.1 0.2 0.3 
Displacement (m) 
-;,-wlo PO -l<-W PO 
Maximum Displacements 
(m) 
TFithout P-/J Witll P-/J 
0.044 0.048 
0.092 0.099 
0.137 0.144 
0.171 0.177 
0.189 0.193 
0.194 0.198 
Central spall beam rotation 
(rad) 
0.0128 
0.0132 
0.0108 
0.0065 
0.0017 
0.0003 
Interior colullln rotation 
(rad) 
0.0122 
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6/6/3101/]' 
6 
5 
4 
'" ~ 3 
-J 
2 
0 
0 0.1 0.2 
Displacement (m) 
--wlo PO -l<-W PO 
MaxilllUlII Displacements 
(III) 
Without P-/J With P-/J 
0.044 0.048 
0.092 0.099 
0.136 0.144 
0.171 0.177 
0.189 0.193 
0.194 0.197 
Centre span beam rotation 
(rad) 
0.0127 
0.0132 
0.0109 
0.0065 
0.0017 
0.0003 
Interior colullln rotation 
(rad) 
0.0122 
0.0009 
0.0015 
0.0013 
0.0013 
0.0013 
0.0010 
0.0014 
0.0009 
0.0012 
0.0005 
0.0021 
6/6/11 70/]' 
0 
0 0.1 0.2 
Displacement (m) 
--I<-wlo PO -*-w PO 
lYJaximllm Displacemellts 
(III) 
Without P-/J With P-/J 
0.033 0.030 
0.074 0.079 
0.130 0.139 
0.181 0.192 
0.208 0.212 
0.218 0.220 
Centre span beam rotation 
(rad) 
0.0070 
0.0143 
0.0153 
0.0064 
0.0005 
0.0001 
Interior colulnn rotation 
(rad) 
0.0071 
0.0009 
0.0072 
0.0023 
0.0048 
0.0039 
0.0028 
0.0104 
0.0037 
0.0065 
0.0035 
0.0052 
F 
Wlo P-,d 
With P-,d 
$ {j 
~ 
... 
,:: 
'" :!.
~ 
~ 
Storey 
I 
2 
3 
4 
5 
6 
6 
5 
4 
Oi 
~ 3 
-J 
2 
1 
0 
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Table B-2 Result comparison between models 616fEIT, 616/31011T and 616111701T for Modified EI Centro EW 
ground acceleration record 
Modified EI Celltro EW 
616/E1T 61613IOIIT 616111701T 
Ma;'l:illlulII base shear illaxilllUIII base shear ill axil/III III base shear 
(kN) (leN) (leN) 
1521.7 1511.8 1358.0 
1934.8 1907.0 1657.3 
x 6 JIX. 6 x 
AX 5 AX 5 AX 
K 4 X4 4 AX 
Qj Qj 
AX ~ 3 .. ~ 3 
-J -J 
A X 2 .. X 2 
.. x 1 .. x 1 .. 
0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
.. 
x 
.. WID PO xwPO Aw/oPO xwPO A w/o PO x wPO 
Illter-storey drifts ellvelope Illter-storey drifts ellvelope Illter-storey drifts envelope 
(% of storey height) (% of storey height) (% of storey height) 
Without P-,d With P-,d Without P-LJ With P-,d Without P-LJ With P-LJ 
2.71 3.06 2.70 3.09 2.32 2.81 
2.65 2.94 2.65 2.99 2.66 3.24 
2.26 2.35 2.30 2.46 2.51 3.06 
1.53 1.54 1.49 1.41 1.93 2.08 
0.82 0.91 0.78 0.91 0.78 0.95 
0.41 0.41 0.41 0.46 0.46 0.46 
x 
x 
3 
--
tl 
~ 
!; 
'" u 
..s 
~ ~ 
!; 
::t 
J 
Level 
1 
2 
3 
4 
5 
6 
Lel'el 
1 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5Above 
6 Below 
Q; 
:. 3 OJ 
... 
2 
o 0.2 
Displacement (m) 
0.4 
__ w/aPD 
---wPD 
Maximum Displacements 
(m) 
Without P-Ll With P-Ll 
0.092 0.104 
0.182 0.204 
0.254 0.284 
0.306 0.333 
0.330 0.354 
0.336 0.359 
Celltral spall beam rotatioll 
(rad) 
0.0300 
0.0263 
0.0185 
0.0105 
0.0047 
0.0004 
Illterior COIUIIIIl rotatioll 
(rad) 
0.0278 
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Modified El 
6 
5 
~ 3 
OJ 
... 
2 
0 
61613101/T 
0 0.2 
Displacement (m) 
-4-w/aPD -#-wPD 
MaximulII Displacemellts 
(m) 
0.4 
Wit/lOut P-Ll With P-Ll 
0.092 0.105 
0.182 0.205 
0.256 0.289 
0.306 0.333 
0.329 0.353 
0.337 0.360 
Mid-spall beam rotatioll 
(rad) 
0.0300 
0.0273 
0.0164 
0.0101 
0.0048 
0.0003 
Illterior COIUIIIII rotatioll 
(rad) 
0.0284 
0.0013 
0.0012 
0.0020 
0.0012 
0.0065 
0.0010 
0.0017 
0.0008 
0.0013 
0.0006 
0.0035 
0.2 0.4 
Displacement (m) 
-4-w/aPD -#-wPD 
Maximllm Displacemellts 
(m) 
Wit/lOut P-LJ With P-LJ 
0.079 0.096 
0.169 0.205 
0.250 0.308 
0.315 0.375 
0.339 0.399 
0.348 0.406 
Mid-spall beam rotatioll 
(rad) 
0.0248 
0.0261 
0.0186 
0.0041 
0.0005 
0.0001 
Illterior COIIlIllIl rotatioll 
(rad) 
0.0261 
0.0035 
0.0098 
0.0087 
0.0076 
0.0141 
0.0059 
0.0153 
0.0042 
0.0095 
0.0039 
0.0054 
W/oP-tJ 
With p-tJ 
~ 
-i; 
~ 
.. 
..:: 
Z 
~ 
.:; 
Storey 
I 
2 
3 
4 
5 
6 
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Table B-3 Result comparison between models 616fErr, 616/3101rr and 616/1170rr for Modified TAFT! ground 
acceleration record. 
Modified TAFTI 
6/6/En 6/61310In 6/6/1170n 
MaximulII base shear Maximum base shear Maximum base shear 
(kN) (kN) (kN) 
156504 1541.9 1393.6 
1712.7 1714.0 1559.3 
6 ,.. 6 ,.. 6 . 
5 "- 5 • 5 x A 
4 A< 4 " 4 AX 
Q; Q; Q; 
~ 3 AX P AX ~ 3 A X 
-J -J -J 
2 .. X 2 • X 2 .. x 
1 • X 1 
.. x 1 • x 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
I nter-storey drift ('Yo) Inter-storey drift ('Yo) I nter-storey drift ('Yo) 
A w/o PO xwPO .. w/o PO xwPO • w/o PO xwPO 
lllter-storey drifts ellvelope Illter-storey drifts ellvelope Illter-storey drifts ellvelope 
(% o/storey height) (% o/storey height) (% o/storey height) 
Without P-LI WitlzP-tJ Without P-LI With P-tJ Wit/lOul P-tJ WitltP-tJ 
1.52 1.88 1.52 1.90 1.52 1.82 
1048 1.69 1.45 1.71 1.56 1.93 
1.28 1.43 1.29 1.41 1.46 1.77 
0.96 1.01 0.95 0.97 1.07 1.16 
0.50 0.52 0.51 0.51 0.57 0040 
0.26 0.22 0.27 0.23 0.33 0.32 
Level 
1 
2 
3 
4 
S 
6 
Level 
1 
2 
3 
4 
S 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
SBelow 
SAbove 
6 Below 
6/61£11' 
o 0.1 0.2 
Displacement 1m) 
-;.-w/o PO --l<-W PO 
MaximulII Displacements 
(m) 
Without p-tJ With p-tJ 
0.052 0.064 
0.101 0.121 
0.141 0.161 
0.169 0.181 
0.183 0.194 
0.188 0.200 
Central span beam rotation 
(rad) 
0.0169 
0.0136 
0.0111 
0.0055 
0.0011 
0.0003 
Illterior colllllln rotatioll 
(rad) 
0.0166 
0.3 
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Modified TAFTI 
6/61310111' 
o 0.1 0.2 
Displacement 1m) 
---w/oPO ---;;-wPO 
Maximum Displacelllellts 
(III) 
Withollt p-tJ With P-LY. 
0.052 0.064 
0.101 0.123 
0.138 0.162 
0.166 0.183 
0.180 0.193 
0.185 0.199 
Central span beam rotation 
(rad) 
0.0171 
0.0139 
0.0106 
0.0054 
0.0011 
0.0003 
Interior COIIlIllIl rotatioll 
(rad) 
0.0168 
0.0012 
0.0013 
0.0017 
0.0011 
0.0015 
0.0009 
0.0014 
0.0006 
0.0012 
0.0005 
0.0008 
0.3 
616/117011' 
Displacement 1m) 
-+-w/o PO -><-w pd 
1I1aximlllll Displacemellts 
(/II) 
Withollt P-LY. With P-LY. 
0.052 0.062 
0.105 0.126 
0.141 0.173 
0.168 0.211 
0.180 0.221 
0.187 0.228 
Central spall bealll rotation 
(rad) 
0.0169 
0.0153 
0.0113 
0.0023 
0.0005 
0.0001 
Interior colllllln rotation 
(rad) 
0.0158 
0.0010 
0.0049 
0.0070 
0.0022 
0.0069 
0.0018 
0.0088 
0.0023 
0.0030 
0.0024 
0.0041 
F 
W/oP-LJ 
With P-LJ 
$ 
..:; 
~ 
... 
~ 
'" .!.
~ 
..:; 
Storey 
1 
2 
3 
4 
5 
6 
B-139 
Table B-4 Result comparison between models 6/6fEIT, 6/6/3IOIIT and 6/6/1170IT for Modified TAFT2 ground 
acceleration record. 
Modified TAFT2 
6/61EIT 6/6/3101IT 6/6/1170IT 
JVlaxilJlulJI base shear IIJaxilllllJ/l base shear MaximulII base shea/' 
(kN) (kN) (kN) 
1429.3 1435.4 1349.9 
1537.5 1532.1 1416.9 
6 
" 
6 Xl 6 
'" 
5 
" 
5 
'" 5 XA 
4 XA 4 XA 4 • x 
Q; Q; Q; p ,. i:; 3 .. i:; 3 • x 
..J ..J ..J 
2 AX 2 AX 2 • X 
1 • X 1 .. x 1 
" 
0 0 0 
0 1 2 0 1 2 3 a 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
.. WiD PO xwPO • w/o PO xwPO • wiD PO xwPD 
Inter-storey drifts envelope lllter-storey drifts ellvelope lilter-storey drifts ellvelope 
(% o/storey height) (% o/storey height) (% o/storey height) 
Without P-LJ With P-LJ Without P-LJ With P-LJ Without P-LJ With P-LJ 
1.65 1.83 1.63 1.81 1.13 1.12 
1.88 1.99 1.89 2.01 1.75 1.96 
1.93 1.90 1.94 1.91 2.08 2.38 
1.51 1.41 1.52 1.42 1.93 2.13 
0.86 0.84 0.86 0.82 0.75 0.67 
0.38 0.36 0.41 0.37 0.33 0.29 
J 
Level 
1 
2 
3 
4 
5 
6 
Level 
1 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 BeloJV 
6/6/E1T 
0.3 
Displacement (m) 
-Ir-w/o PO -><-w PO 
Maximum Displacements 
(III) 
Without P-Ll With P-Ll 
0.056 0.062 
0.120 0.129 
0.184 0.193 
0.235 0.241 
0.261 0.266 
0.271 0.274 
Celltral spall beam rotatioll 
(rad) 
0.0175 
0.0188 
0.0162 
0.0093 
0.0036 
0.0003 
Illterior COIUIIIII rotatioll 
(rad) 
0.0162 
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Modified TAFT2 
6/6131011T 
o 0.1 0.2 
Displacement (m) 
-+-w/o PO .... <-w PO 
Maximum Displacemellts 
(m) 
Without P-Ll Witlt P-Ll 
0.055 0.062 
0.120 0.129 
0.184 0.194 
0.236 0.243 
0.261 0.267 
0.271 0.276 
Celltral spall bealll rotatioll 
(rad) 
0.0176 
0.0189 
0.0164 
0.0091 
0.0034 
0.0003 
Interior COlrl11111 rotatioll 
(rad) 
0.0160 
0.0011 
0.0015 
0.0013 
0.0010 
0.0014 
0.0008 
0.0018 
0.0007 
0.0014 
0.0005 
0.0017 
0.3 
616/11701T 
o 0.1 0.2 
Displacement (m) 
-k-w/o PO ----w pd 
lI'laximllm Displacelllellts 
(m) 
Without P-Ll With P-Ll 
0.038 0.038 
0.096 0.103 
0.166 0.183 
0.231 0.255 
0.253 0.276 
0.260 0.282 
Celltral spall beam rotatioll 
(rad) 
0.0096 
0.0185 
0.0205 
0.0044 
0.0005 
0.0001 
Illterior COIUIIIII rotatioll 
(rad) 
0.0096 
0.0010 
0.0098 
0.0025 
0.0056 
0.0046 
0.0032 
0.0176 
0.0017 
0.0060 
0.0015 
0.0036 
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Table B-5 Result comparison between models 6/6fEff, 6/6/3101ff and 6/6/1170/T for EI Centro 1 ground acceleration 
record 
El Centro I 
6/6/E1T 6/6I3IOIIT 6/6/1170/1' 
Maximum base shear Maximum base shear Max:imulII base shear 
(kN) (kN) (kN) 
W/oP-Ll 1436.8 1437.3 1353.8 
With P-Ll 1742.6 1744.2 1520.6 
6 
'" 
6 XA 6 X. 
5 Xl 5 XA 5 XA 
4 AX 4 >: 4 A X 
~ a; a; a; ~ 3 AX ~ 3 AX ~ 3 .. x {; 
-J ..,J 
..,J 
~ 
.. 
~ 2 .. x 2 .. x 2 .. x 
o!. 
~ 
~ 
1 .. x 1 .. x 1 .. x 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A wlo PO xwPO .. wlo PO xwPO • w/o PO xV/PO 
litter-storey drifts ellvelope lllter-storey drifts eltvelope lmer-storey drifts ellvelope 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-Ll With P-Ll Without P-Ll With P-Ll Wit/lOut P-Ll WithP-Ll 
I 1.99 2.31 1.99 2.31 1.66 1.90 
2 1.99 2.22 1.99 2.23 2.01 2.24 
3 1.67 1.74 1.71 1.79 1.97 2,39 
4 1.41 1.47 1.43 1.44 1.92 2.11 
5 1.06 0.98 1.05 0.93 1.05 0.94 
6 0.49 0.45 0.63 0.51 0,37 0,31 
Level 
1 
2 
3 
4 
5 
6 
Level 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5 Above 
6 Below 
6 
5 
4 
2 
6/6/£;7' 
0.2 
Displacement (m) 
0.4 
-;..-w/oPO --><- w PO 
M aximulII Displacelllents 
(m) 
Without P-iJ Witlt P-iJ 
0.068 0.079 
0.135 0.154 
0.188 0.210 
0.220 0.242 
0.242 0.270 
0.255 0.283 
Central span beam rotation 
(rad) 
0.0220 
0.0185 
0.0153 
0.0110 
0.0055 
0.0004 
Interior colullllt rotation 
(rad) 
0.0208 
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El Celltro 1 
6/6/3101;7' 
m it 3 
.... 
2 
Disolacement 1m) 
___ w/o PO -><-w PO 
Maximum Displacements 
(m) 
Withollt p-tJ Witlt P-tJ 
0.068 0.078 
0.135 0.154 
0.189 0.210 
0.220 0.242 
0.245 0.272 
0.259 0.284 
Central span beam rotation 
(rad) 
0.0219 
0.0188 
0.0148 
0.0107 
0.0049 
0.0003 
Interior colullln rotation 
(rad) 
0.0207 
0.0011 
0.0013 
0.0017 
0.0010 
0.0028 
0.0009 
0.0016 
0.0007 
0.0016 
0.0005 
0.0042 
6 
4 
m it 3 
.... 
2 
6/6111701T 
0.2 
Disolacement 1m) 
-Ir- w/o PO ____ w PO 
Maximum Displacements 
(m) 
Wit/Wilt P-tJ With P-iJ 
0.056 0.065 
0.125 0.141 
0.185 0.213 
0.231 0.283 
0.259 0.308 
0.269 0.318 
Central spall beam rotation 
(rad) 
0.0178 
0.0194 
0.0182 
0.0061 
0.0005 
0.0001 
Illterior COIUIIIII rotatioll 
(rad) 
0.0171 
0.0011 
0.0055 
0.0045 
0.0066 
0.0070 
0.0044 
0.0158 
0.0034 
0.0093 
0.0015 
0.0036 
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Table B-6 Result comparison between models 6/6/Eff, 6/6/3101ff and 6/6/11701T for EI Centro 2 ground acceleration 
record 
El Celltro 2 
616/E1T 616131011T 616111701T 
Maximum base shear 1I1aximlim base shear MaximulIl base shear 
(kN) (kN) (kN) 
WloP-Ll 1306.8 1292.8 1279.8 
With P-Ll 1360.2 1360.1 1347.8 
6 ,. 6 ,. 6 ,. 
5 ,.. 5 ,. 5 XA 
4 
'" 
4 
'" 
4 AX 
$ Q; Q; Q; {j ~3 " ~ 3 '" P AX 
-l -l -l ~ 
... 
.s 
l 2 M. 2 '" 2 If. 
~ 
~ 
1 
" 
1 
" 
1 
" 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A. WiD PO xwPO A wiD PO xwPO A w/o PO xwPO 
lllter-storey drifts envelope lllter-storey drifts envelope lllter-storey drifts ellvelope 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without poLl With PoLl Without poLl With poLl Without poLl With poLl 
1 0.69 0.67 0.67 0.68 0.63 0.64 
2 1.12 1.16 1.10 1.15 0.97 0.94 
3 1.34 1.35 1.33 1.37 1.38 1.51 
4 1.14 1.14 1.15 1.16 1.59 1.69 
5 0.70 0.66 0.70 0.66 0.99 0.91 
6 0.31 0.27 0.31 0.28 0.37 0.33 
Level 
1 
2 
3 
4 
5 
6 
Level 
1 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 Below 
o 0.1 0.2 
Displacement (m) . 
--.>-w/o PO -If-W PO 
Maximum Displacemellts 
(m) 
0.3 
Without P-!J. With P-!J. 
0.024 0.023 
0.061 0.062 
0.105 0.108 
0.142 0.146 
0.164 0.168 
0.172 0.176 
Celltral spall beam rotatioll 
(rad) 
0.0067 
0.0112 
0.0122 
0.0072 
0.0020 
0.0003 
illterior C01UIIIIl rotatioll 
(rad) 
0.0051 
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El Celltro2 
61613101n 
o 0.1 0.2 0.3 
Displacement (m) 
--,<-w/o PO -->f--W PO 
Maximum Displacemellts 
(m) 
Without P-!J. WithP-!J. 
0.023 0.023 
0.061 0.060 
0.107 0.104 
0.147 0.142 
0.169 0.164 
0.177 0.173 
Celltral spall beam rotatioll 
(rad) 
0.0065 
0.0113 
0.0124 
0.0076 
0.0020 
0.0003 
illterior colulIIll rotatio/! 
(rad) 
0.0052 
0.0009 
0.0018 
0.0013 
0.0015 
0.0011 
0.0007 
0.0014 
0.0009 
0.0013 
0.0006 
0.0014 
61611170IT 
o 0.1 0.2 
Displacement 1m) 
->-w/oPO -->f--WPO 
Maximum Displacemellts 
(11/) 
Without P-!J. With P-!J. 
0.022 0.022 
0.049 0.046 
0.095 0.097 
0.150 0.154 
0.183 0.185 
0.192 0.193 
Celltral spall beam rotatioll 
(rad) 
0.0043 
0.0083 
0.0150 
0.0082 
0.0005 
0.0001 
illterior columll rotatioll 
(rad) 
0.0048 
0.0008 
0.0045 
0.0026 
0.0054 
0.0022 
0.0022 
0.0089 
0.0017 
0.0084 
0.0026 
0.0040 
0.3 
F 
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Table B-7 Result comparison between models 6/6fEff, 6/6/3101ff and 6/6/1170ff for Tabas 1 ground acceleration record 
Tabas 1 
6161E1T 61613101/f 61611l70/f 
Maximum base shear Maximum base sltear Maximum base shear 
(leN) (leN) (leN) 
Wlo P-LJ 1356.9 1342.0 1228.3 
With P-LJ 1542.5 1530.1 1327.4 
6 x 6 
" 
6 
" 
5 
" 
5 .. 5 
" 
4 ,. 4 ,. 4 
'" 
$ OJ OJ OJ {; iii 3 '" iii 3 '" P AX 
..J ..J ..J ~ 
.... 
~ 
.!. 2 IX 2 
IX 2 AX 
~ 
..::; 
1 AX 1 IX 1 " 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A w/o PO xwPO • w/o PO xwPD • w/o PD xwPO 
lllter-storey drifts ellvelope lllter-storey drifts envelope lllter-storey drifts ellvelope 
(% of storey height) (% of storey height) (% a/storey height) 
Storey Without P-LJ With P-LJ Without P-LJ Witlt P-LJ Without P-LJ Witlt P-LJ 
1 1.59 1.64 1.56 1.62 1.01 0.99 
2 1.59 1.65 1.59 1.64 1.56 1.64 
3 1.37 1.40 1.37 1.40 1.71 1.85 
4 0.96 0.93 0.95 0.92 1.41 1.46 
5 0.57 0.55 0.55 0.54 0.63 0.62 
6 0.33 0.33 0.39 0.39 0.60 0.58 
Level 
I 
2 
3 
4 
S 
6 
Level 
1 
2 
3 
4 
S 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
SBelow 
SAbove 
6 Below 
o.f-,-~~-h-~~-h-~r-c-I 
o 0.1 0.2 0.3 
Displacement 1m) 
-.-w/a PO -4t-W PO 
Maximum Displacemellts 
(m) 
Without P-iJ. With P-Ll 
0.054 0.056 
0.108 0.112 
0.151 0.155 
0.178 0.183 
0.192 0.196 
0.199 0.203 
Celltral spall beam rotatioll 
(rad) 
0.0151 
0.0135 
0.0106 
0.0044 
0.0027 
0.0004 
Illterior columll rotatioll 
(rad) 
0.0138 
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6!61310IfT 
o 0.1 0.2 0.3 
Displacement 1m) 
-k-w/a PO --'>'-W PO 
Maximum Displacemellts 
(m) 
Wit/lOut P-Ll With P-Ll 
0.053 0.055 
0.107 0.111 
0.150 0.155 
0.178 0.182 
0.192 0.196 
0.199 0.202 
Celltral spall beam rotatioll 
(rad) 
0.0148 
0.0135 
Om05 
0.0045 
0.0027 
0.0003 
Illterior columll rotatioll 
(rad) 
0.0136 
0.0009 
0.0014 
0.0014 
0.0012 
0.0013 
0.0010 
0.0015 
0.0006 
0.0010 
0.0005 
0.0030 
6!6!1170fT 
o 0.1 0.2 
Displacement 1m) 
-k-w/aPD ......... WPO 
Maximum Displacemeflts 
(111) 
Without P-Ll Witlt P-Ll 
0.034 0.034 
0.087 0.089 
0.143 0.148 
0.187 0.193 
0.200 0.205 
0.207 0.211 
Celltral spall beam rotatioll 
(rad) 
0.0083 
0.0156 
0.0149 
0.0028 
0.0005 
0.0001 
Illterior column rotatioll 
(rad) 
0.0080 
0.0009 
0.0077 
0.0013 
0.0026 
0.0038 
0.0025 
Oml3 
0.0045 
0.0057 
0.0055 
0.0071 
F" 
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Table B-8 Result comparison between models 6/6/Err, 6/6/3101rr and 6/6/1170rr for Tabas 2 ground acceleration record 
Tabas 2 
6/61EIT 6/6I3IOIIT 6/6/1170IT 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (/iN) 
W/oP-,d 1381.5 1381.6 1394.5 
With P-,d 1355.8 1356.7 1368.7 
6 .. 6 
" 
6 
'" 
5 
" 
5 ,. 5 ,. 
4 
" 
4 
" 
4 AX 
~ Q; Q; Q; iii 3 ~ iii 3 II iii 3 AX 
"=I 
..,J ..,J ..,J ~ 
... 
.s 2 
" 
2 
'" 2 A< 
AX 
.!..
~ 
~ 
1 AX 1 AI< 1 " 
0 a 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
"w/oPD xwPD "w/o PO xwPD "w/o PO xwPD 
Illter-storey drifts envelope lllter-storey drifts ellvelope Illter-storey drifts envelope 
(% ofstorey height) (% ofstorey height) (% of storey height) 
Storey Without P-,d With P-,d Without P-,d With P-,d Without P-,d With P-LJ 
I 1.16 1.24 1.13 1.17 0.58 0.57 
2 1.28 1.31 1.26 1.29 1.13 1.22 
3 1.10 1.09 1.13 1.11 1.26 1.39 
4 0.86 0.88 0.84 0.86 1.10 1.17 
5 0.57 0.55 0.57 0.53 0.85 0.81 
6 0.42 0.41 0.49 0.47 0.54 0.47 
Level 
1 
2 
3 
4 
5 
6 
Level 
1 
2 
3 
4 
5 
6 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6161E1I' 
0,1 0.2 
Displacement 1m) 
.....-w!o PO -><-w PO 
MaximufII Displacements 
(m) 
Withollt P-Ll Witlt P-Ll 
0,039 0,042 
0,083 0.087 
0.120 0,123 
0.145 0.147 
0.159 0.159 
0.164 0.164 
Celltral spall beam rotatioll 
(rad) 
0.0107 
0.0102 
0.0077 
0.0060 
0.0034 
0.0005 
iJlterior COlllfllll rotatioll 
(rad) 
0.0103 
B-148 
Tabas 2 
616131011I' 
o 0.1 0.2 
Displacemellt 1m) 
--+-w/a PO -><--w PO 
J'vlaximum Displacements 
(m) 
Wit/lOut P-Ll Witlt P-Ll 
0.Q38 0.040 
0.081 0,084 
0.119 0.121 
0.145 0.146 
0.159 0.158 
0.163 0.162 
Central span beam rotation 
(rad) 
0.0104 
0.0101 
0.0080 
0.0057 
0.0032 
0.0002 
Illterior colullln rotatioll 
(rad) 
0.0094 
0.0010 
0.0014 
0.0013 
0.0010 
0.0012 
0.0013 
0.0012 
0.0006 
0.0013 
0.0007 
0.0035 
616111701I' 
o 0.1 0.2 
Displacement 1m) 
----w/aPD -><-wpo 
Maximum Displacements 
(m) 
Without P-Ll Witlt P-Ll 
0.020 0.0195 
0.057 0.0605 
0.100 0.1076 
0.135 0.1457 
0.150 0.1601 
0.155 0.1637 
Celltral spall beam rotation 
(rad) 
0.0040 
0.0108 
0.0103 
0.0028 
0.0005 
0.0001 
Interior columll rotation 
(rad) 
0.0046 
0.0010 
0.0066 
0.0013 
0.0024 
0.0045 
0.0033 
0.0091 
0.0056 
0.0077 
0.0035 
0.0060 
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B.2 Twelve Storey A Building 
Table B-9 Results comparison between models 12A16/EfT and l2A16/3J OIfT and l2A16/1170fT for Modified EI Centro NS 
ground acceleration record 
Modified El Centro NS 
12A/6/E1T 12A/6131011T 12A/6111701T 
Maxim/lm base shear Maxim/llll base shear Maximum base shear 
(kN) (leN) (kN) 
Wlo P-LI 1902.9 1902.9 1883.0 
With P-LI 2056.1 2056.1 2016.8 
12 • 12 . 12 • 
,. ,. 
" 
10 ,. 10 ,. 10 '" 
" " " 
8 XA B XA 8 
'" 
g Xl '" '" Q; Q; ;; {; ,. 6 
" 
it 6 
" 
,. 6 
'" 
Q) Q) 
~ ...j -J -J AX AX A X 
~ 4 " x 4 x 4 A X 
.!. 
~ A X 
" 
X 
" 
X ~ 
2 A X 2 " X 2 Eo( 
" '" " 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
"w/o PO xwpd • w/o PO x wpd • w/o PO x wpd 
Maxim/llll inter-storey drifts MaximulIl inter-storey drifts MaximulIl iltter-storey drifts 
(% o/storey height) (% o/storey height) (% o/s/orey height) 
3 
Storey Without P-LI I With P-LI Wit/IO/lt P-LI I With P-LI Witltolll P-LI I Witlt P-LI 
1 1.126 1.144 1.126 1.136 0.76 0.80 
2 1.358 1.532 1.358 1.536 1.28 1.34 
3 1.440 1.717 1.440 1.718 1.49 1.90 
4 1.432 1.679 1.432 1.682 1.61 2.05 
5 1.435 1.550 1.435 1.553 1.57 1.88 
6 1.388 1.394 1.388 1.394 1.48 1.41 
7 1.091 1.015 1.091 1.015 1.04 0.97 
8 0.735 0.656 0.735 0.656 0.65 0.61 
9 0.409 0.397 0.409 0.397 0.41 0.40 
10 0.438 0.403 0.438 00403 0.43 0.39 
11 0.303 0.271 0.303 0.271 0.28 0.25 
12 0.135 0.135 0.135 0.135 0.13 0.13 
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Modified El Centro NS 
12A161EIT 12A1613101IT 12A1611170IT 
12 12 12 
10 10 10 
~ 8 8 8 
5 
is "iil "iil Ql 
'" 
,. 6 ,. 6 
" 
6 Cl 
'" 
Q) w 
~ .... .... ...J 
E} 
~ 4 4 4 
:::: 
::: 
~ 2 2 2 
0 0 0 
0 0.2 0.4 0 0.2 0.4 0 0.1 0.2 0.3 0.4 
Displacement (m) Displacement (m) Displacement (m) 
-+--w/o PO -><--w PO ---w/o PO -><-wPO ____ w/o PO -><-wPO 
MaximulII displacements MaximulII displacemellts Maximum displacemellls 
(m) (m) (m) 
Level Without P-L\ With P-L\ Without P-L\ With P-L\ Without p .. L\ With P-L\ 
1 0.038 0.039 0.038 0.039 0.026 0.027 
2 0.084 0.090 0.084 0.090 0.069 0.071 
3 0.132 0.149 0.132 0.148 0.119 0.125 
4 0.179 0.206 0.179 0.206 0.171 0.195 
5 0.227 0.258 0.227 0.258 0.224 0.257 
6 0.270 0.301 0.270 0.301 0.272 0.304 
7 0.303 0.332 0.303 0.332 0.306 0.333 
8 0.323 0.350 0.323 0.350 0.325 0.347 
9 0.334 0.357 0.334 0.358 0.332 0.353 
10 0.338 0.360 0.338 0.361 0.335 0.356 
11 0.339 0.362 0.339 0.362 0.337 0.358 
12 0.340 0.364 0.340 0.364 0.339 0.359 
Level Celltral span beam rotatiolls Central spall beam rotations Celltral spall beam rotatiolls 
(rad) (rad) (rad) 
1 0.0123 0.0123 0.0068 
2 0.0158 0.0158 0.0134 
3 0.0165 0.0166 0.0170 
4 0.0156 0.0156 0.0106 
5 0.0147 0.0147 0.0095 
6 0.0115 0.0115 0.0087 
7 0.0070 0.0070 0.0051 
8 0.0034 0.0035 0.0020 
9 0.0026 0.0027 0.0026 
10 0.0017 0.0017 0.0014 
11 0.0004 0.0005 0.0004 
12 0.0002 0.0002 0.0002 
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Modified El Cel/tro NS 
12A161E1T I2A1613IOIIT I2A161II701T 
Illterior COIUIIIII rotatiol/ Interior COIUIIIII rotatioll Illterior COIIll/1II rolatioll 
(rad) (rad) (rad) 
G.L. 0.0083 0.0083 0.0057 
J Below 0.0008 0.0009 
1 Above 0.0018 0.0091 
2 Below 0.0013 0.0027 
2 Above 0.0014 0.0059 
3 Below 0.0012 0.0033 
3 Above 0.0014 0.0060 
4 Below 0.0012 0.D113 
4 Above 0.0011 0.D113 
5 Below 0.0011 0.0115 
5 Above 0.0007 0.0059 
6 Below 0.0013 0.0063 
6Above 0.0008 0.0016 
7 Below 0.0013 0.0043 
7 Above 0.0008 0.0009 
8 BeloJV 0.0012 0.0032 
8 Above 0.0009 0.0016 
9 Below 0.0010 0.0010 
9 Above 0.0007 0.0007 
10 BeloJV 0.0009 0.0011 
IOAbove 0.0005 0.0005 
II Below 0.0008 0.0008 
II Above 0.0003 0.0003 
12 BelolV 0.0004 0.0005 
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Table B-IO Results comparison between models 12A16IEIT, 12A16/3101IT and 12A16/1l701T for Modified El Centro EW 
ground acceleration record 
Modified EI Celltro EW 
12A161E1T 12A16131011T 12A16111701T 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (leN) (leN) 
WloP-lJ 2001.7 2001.4 1934.7 
With P-!J 2426.3 2426.3 2165.8 
12 . 
12 . 12 . 
" • • 
10 "'-
10 . 10 . 
IX 
A< 
'" 
8 • 8 . 8 
At. 
$ "'< Yo X. Oi Q; Qj {j 
'" 
6 • x ,. 6 AX 
'" 
6 x. Ql Q) 0) 
~ .... .... .... .. x .. x • x 
~ 
'" .!. 4 . x 4 . x 4 .. 
~ . x .. x ~ .. 
2 .. 2 .. 2 .. x 
• x . x 
• x 
0 0 
0 1 2 0 1 2 3 0 
Inter-storey drift (%) Inter-storey drift (%) 0 1 2 3 
.. w/o PD x wpd A w/o PD x wpd 
Inter-storey drift (%) 
A w/o PD x wpd 
Maximum inter-storey drifts Maximum inter-storey drifts Maximum illter-storey drifts 
(% o/storey height) (% o/storey height) (% o/storey height) 
Storey Without P-lJ With P-lJ Without P-lJ With P-lJ Without P-lJ With P-lJ 
1 1.67 2.28 1.67 2.27 1.43 1.96 
2 1.96 2.45 1.96 2.45 2.16 3.07 
3 2.02 2.41 2.02 2.41 2.31 3.71 
4 2.03 2.38 2.03 2.39 2.27 3.81 
5 1.87 2.18 1.87 2.19 2.06 3.14 
6 1.57 1.74 1.57 1.73 1.54 1.36 
7 1.16 1.23 1.16 1.21 0.76 0.61 
8 0.75 0.75 0.75 0.74 0.43 0.47 
9 0.40 0.44 0.40 0.44 0.36 0.42 
10 0.34 0.34 0.34 0.34 0.36 0.40 
11 0.25 0.26 0.25 0.26 0.26 0.27 
12 0.14 0.15 0.14 0.\5 0.15 0.15 
x 
x 
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Modified El Celltro EW 
12A16/E/T 12A16/3101/T 12A16/1170/T 
12 
12 12 
10 10 
10 
<:J 8 8 
8 
~ 
::: Qj Qj ]! ~ ,. 6 ,. 6 6 ~ " Q) " -J -J -J iii< 
=-.; 
::: 4 
::: 
4 4 
.S 
~ 2 2 2 
0 0 
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 
Displacement (m) Displacement (m) 0 0.2 0.4 0.6 
-<r-w/o PO ->c-w PO -<r-w/o PO -><-w PO 
Displacement (m) 
-.>-w/o PO ___ w PO 
Maximum displacemellts Maximum displacemeflts MaximulII displacemellts 
(/II) (/II) (/II) 
Level Withollt P-Ll With P-Ll Withollt P-Ll With P-Ll Withollt P-Ll With P-Ll 
1 0.057 0.077 0.057 0.077 0.049 0.067 
2 0.123 0.161 0.123 0.161 0.121 0.169 
3 0.191 0.239 0.191 0.239 0.197 0.291 
4 0.256 0.313 0.256 0.313 0.270 0.420 
5 0.318 0.387 0.318 0.387 0.337 0.525 
6 0.365 0.445 0.366 0.446 0.384 0.568 
7 0.401 0.485 QAOI 0.484 0.404 0.584 
8 0.419 0.509 0.419 0.508 0.411 0.590 
9 0.427 0.521 0.427 0.520 0.416 0.594 
10 0.431 0.527 0.431 0.526 0.420 0.596 
11 0.433 0.531 0.433 0.530 0.423 0.598 
12 0.435 0.534 0.435 0.533 0.425 0.600 
Level Central span beam rotations Central span beam rotations Celltral span beam rotatiolls 
(rad) (rad) (rad) 
1 0.0238 0.0238 0.0184 
2 0.0239 0.0240 0.0253 
3 0.0243 0.0244 0.0298 
4 0.0234 0.0235 0.0228 
5 0.0200 0.0201 0.0136 
6 0.0144 0.0141 0.0054 
7 0.0088 0.0086 0.0036 
8 0.0042 0.0041 0.0018 
9 0.0022 0.0022 0.0026 
10 0.0015 0.0015 0.0016 
11 0.0005 0.0005 0.0005 
12 0.0002 0.0002 0.0002 
--
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Modified El Cel/tro EW 
12A161E11' 12A161310111' 12A161117011' 
Interior columJl rotation Illterior COlUlII1I rotatioll Illterior COlUlII1l rotation 
(rad) (rad) (rad) 
G.I. 0.0169 0.0168 0.0151 
1 Below 0.0008 0.0019 
1 Above 0.0016 0.0141 
2 Belo)jl 0.0013 0.0081 
2 Above 0.0012 0.0144 
3 Below 0.0014 0.0111 
3 Above 0.0010 0.0124 
4 Below 0.0015 0.0180 
4 Above 0.0008 0.0120 
5 Below 0.0016 0.0206 
5 Above 0.0008 0.0023 
6 Below 0.0016 0.0078 
6 Above 0.0009 0.0020 
7 BeloJV 0.0014 0.0034 
7 Above 0.0007 0.0009 
8 BeloJV 0.0013 0.0019 
8 Above 0.0009 0.0018 
9 Below 0.0010 0.0008 
9 Above 0.0007 0.0008 
10 Below 0.0009 0.0012 
10Above 0.0006 0.0006 
11 Below 0.0008 0.0008 
11 Above 0.0003 0.0004 
12 Below 0.0005 0.0006 
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Table B-ll Results comparison between models 12AJ6IErr, 12AJ6/3101rr and 12A161I 170rr for Modified TAFT 1 ground 
acceleration record 
Modified TAFT 1 
12A/61EIT 12A16131011T 12A16111701T 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (kN) 
Wlo P-IJ 1812.3 1805.2 1859.5 
With P-,1 2431.8 2395.7 2142.9 
12 . 12 . 12 • 
lI. 
" • 
10 
'" 
10 
'" 
10 
" 
'" 
x. . 
8 
" 
8 • 8 
" 
,'!J • x • x 
'" S, 
iii Qi Qi {; ~ 6 • x ,. 6 • x ,. 6 • x 
'" '" ~ ... ... ... 
.... • x . x • x ~ 
.!. 4 • 
x 4 . 4 . x 
~ • • • x ~ 2 2 . . ~ 2 . x 
. x • x • x 
0 0 0 
0 1 2 a 1 2 3 a 2 4 6 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• w/o PO xwpd • w/o PO x wpd • w/o PO x wpd 
MaximulII illter-storey drifts Maximum iuter-storey drifts Maximum iuter-storey drifts 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-iJ With P-,1 Without P-,1 With P-,1 Without P-,1 With P-,1 
1 1.37 2.26 1.368 2.18 1.16 1.87 
2 1.81 2.49 1.84 2.56 1.92 3.69 
3 2.03 2.44 2.03 2.52 2.24 5.06 
4 1.97 2.41 1.97 2.45 2.24 5.48 
5 1.81 2.32 1.80 2.34 1.92 4.86 
6 1.41 1.98 1.40 1.97 1.52 2.65 
7 1.16 1.40 1.17 1.39 1.07 1.15 
8 0.90 0.88 0.89 0.89 0.64 0.65 
9 0.58 0.51 0.59 0.51 0.34 0.33 
10 0.35 0.28 0.34 0.28 0.24 0.23 
11 0.19 0.16 0.19 0.16 0.18 0.18 
12 0.11 0.11 0.11 0.11 0.12 0.12 
B-156 
Modified TAFT 1 
12A161EIT 12A16131011T 12A16111701T 
12 12 12 
10 10 10 
;:, 8 8 1 8 ~ 
S 
., Oi Oi OJ 
'" ..:: 
,. 6 ,. 6 ,. 6 OJ OJ <Il 
~ .... .... -J ~ 
S 4 4 4 
:::: 
.5 
~ 2 2 2 
0 0 0 
0 0.5 1 0 0.5 1 0 0.5 1 
Displacement (m) Displacement (m) Displacement (m) 
___ w/a PD 
-><--wPD __ w/aPD ..;<-wPD __ w/aPD ___ w PD 
JlJaximum displacements Maximum displacements Maximum displacemellts 
(Ill) (m) (m) 
Level Without P-LJ. With P-/J Without P-/J With P-LJ. WithoutP-LJ. With P-LJ. 
1 0.047 0.077 0.047 0.074 0.040 0.064 
2 0.107 0.162 0.107 0.161 0.103 0.187 
3 0.176 0.245 0.176 0.247 0.173 0.356 
4 0.241 0.322 0.241 0.326 0.243 0.542 
5 0.294 0.390 0.294 0.396 0.298 0.705 
6 0.333 0.451 0.333 0.454 0.337 0.792 
7 0.360 0.498 0.360 0.501 0.363 0.826 
8 0.376 0.527 0.376 0.529 0.378 0.842 
9 0.384 0.541 0.384 0.543 0.385 0.847 
10 0.388 0.547 0.388 0.550 0.389 0.849 
11 0.389 0.550 0.389 0.553 0.391 0.852 
12 0.390 0.552 0.390 0.555 0.393 0.853 
Level Central spall beam rotations Celltral spall beam rotatiolls Celltral spall beam rotatiolls 
(rad) (rad) (rad) 
1 0.0239 0.0227 0.0176 
2 0.0250 0.0261 0.0264 
3 0.0241 0.0248 0.0322 
4 0.0242 0.0246 0.0245 
5 0.0222 0.0222 0.0196 
6 0.0169 0.0168 0.0098 
7 0.0099 0.0098 0.0057 
8 0.0054 0.0055 0.0018 
9 0.0020 0.0020 0.0008 
10 0.0005 0.0005 0.0005 
11 0.0003 0.0003 0.0004 
12 0.0002 0.0002 0.0002 
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Modified TAFT 1 
12A161EIT 12A1613101IT 12A1611170IT 
Iltterior COllllll1t rotatiolt Illterior col/mill rotation Iltterior COIIlIllIl rotation 
(rad) (rad) (rad) 
G.L. 0.0162 0.0158 0.0140 
1 Below 0.0008 0.0016 
1 Above 0.0036 0.0224 
2 Below 0.0013 0.0140 
2Above 0.0012 0.0281 
3 Below 0.0013 0.0223 
3 Above 0.0011 0.0278 
4 Below 0.0015 0.0344 
4 Above 0.0010 0.0269 
5 Below 0.0016 0.0365 
5Above 0.0008 0.0102 
6 Below 0.0016 0.0191 
6Above 0.0008 0.0022 
7 Below 0.0016 0.0058 
7 Above 0.0007 0.0009 
8 Below 0.0013 0.0038 
8 Above 0.0007 0.0007 
9 Below 0.0011 0.0012 
9Above 0.0006 0.0006 
10 Below 0.0008 0.0007 
10Above 0.0004 0.0005 
11 Below 0.0005 0.0005 
11 Above 0.0003 0.0003 
12 Below 0.0004 0.0004 
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Table B-l2 Result comparison between models 12A16IErr, 12A16/3101fT and l2A16/1170rr for Modified TAFT 2 ground 
acceleration record 
Modified TAFT 2 
12A161EIT 12A16131011T 12A16111701T 
JYJaxillllllll base shear Maximlllll base shear MaxilllulII base shear 
(kN) (kN) (kN) 
WloP-A 1781.4 1776.2 1781.0 
With P-IJ 1951.3 1951.1 1892.3 
12l", 
12 . 12 . 
, x 
10 ,. 10 ,. 10 • 
X4 x. XA 
8 x. 8 x. 8 x. 
~ XA XA ,. S- o; 0; 0; {j ". 6 . ". 6 • ,. 6 b( 
'" '" '" ~ .... .... .... 
... 
AX AX . X 
<::> 
.... 4 • x 
'" .!.
4 . x 4 . x 
~ • x • x • x ~ 2 2 . x . x 2 AX 
• X • X • 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A w/o PO x wpd • wlo PO xwpd • w/o PO x wpd 
MaximuIII inter-storey drifts MaximuIII inter-storey drifts Maximum inter-storey drifts 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-LI I With P-IJ Without P-IJ I With P-IJ Without P-LI I With P-LI 
1 0.87 1.20 0.866 1.19 0.68 0.68 
2 1.15 1.53 1.14 1.53 1.16 1.31 
3 1.19 1.67 1.19 1.66 1.23 1.66 
4 1.22 1.62 1.22 1.62 1.28 1.80 
5 1.34 1.42 1.34 1042 1.43 1.90 
6 1.41 lAO 1041 lAO 1.68 1.72 
7 1.28 1.21 1.28 1.21 1.47 1.43 
8 0.94 0.83 0.93 0.83 0.86 0.72 
9 0.56 0046 0.55 0.46 0.40 0.31 
10 0.32 0.28 0.32 0.28 0.25 0.24 
11 0.18 0.17 0.18 0.17 0.20 0.19 
12 0.12 0.12 0.12 0.12 0.15 0.15 
3 
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Modified TAFT 2 
12A161EIT 12A16131011T 12A16111701T 
12 12 12 
10 10 10 
-l:l 
5 8 8 8 
is Oi ~ Oi Oi ,. 6 ,. 6 ,. 6 
.s: C1l Q) Q) 
~ -.J -.J -.J ~ 4 ~ 4 4 :::: 
::l 
1S 
~ 2 2 2 
0 0 0 
0 0.2 0.4 0 0.2 0.4 .0.2 0.4 
Displacement 1m) Displacement 1m) Displacement 1m) 
--.w/oPD -#-wPD -I.-w/oPD -#-wPD 
-ir-w/o PD ---><-wPD 
klaximum displacements l'rlaxitllllfll displacemellts Maxilllum displacemellts 
(/II) (/II) (1/1) 
Level Without P-Ll With P-Ll Without P-Ll With P-Ll Without P-Ll With P-Ll 
1 0.029 0.041 0.029 0.041 0.023 0.023 
2 0.068 0.093 0.068 0.093 0.062 0.066 
3 0.109 0.149 0.109 0.149 0.104 0.122 
4 0.147 0.205 0.147 0.204 0.144 0.183 
5 0.182 0.253 0.181 0.252 0.187 0.248 
6 0.211 0.290 0.211 0.290 0.229 0.305 
7 0.252 0.316 0.251 0.315 0.264 0.347 
8 0.282 0.331 0.281 OJ31 0.286 0.365 
9 0.300 0.340 0.299 OJ39 0.298 0.371 
10 0.308 OJ45 0.307 OJ44 OJ03 0.375 
11 OJll 0.347 OJI0 0.346 OJ06 0.377 
12 0.313 OJ48 0.312 OJ48 OJ08 0.378 
Level Central span beam rotations Central spall beam rotations Central spall beam rotations 
(rad) (rad) (rad) 
1 0.0125 0.0125 0.0054 
2 0.0153 0.0154 0.0127 
3 0.0159 0.0159 0.0159 
4 0.0148 0.0146 0.0140 
5 0.0137 0.0137 0.0139 
6 0.0128 0.0129 0.0136 
7 0.0095 0.0095 0.0070 
8 0.0046 0.0046 0.0020 
9 0.0018 0.0018 0.0008 
10 0.0005 0.0005 0.0005 
11 0.0004 0.0004 0.0004 
12 0.0002 0.0002 0.0002 
B-J60 
Modified TAFT 2 
12A161EIT 12A1613101IT 12A16111701T 
Interior coillmn rotation Interior COllllt/1I rotatioll Interior colllllln rotatioll 
(rad) (rad) (rad) 
G.L. 0.0080 0.0081 0.0050 
1 Below 0.0008 0.0009 
1 Above 0.0016 0.0076 
2 Below 0.0011 0.0023 
2 Above 0.0014 0.0040 
3 Below 0.0011 0.0030 
3 Above 0.0013 0.0041 
4 Below 0.0012 0.0069 
4 Above 0.0012 0.0071 
5 Below 0.0012 0.0076 
5 Above 0.0010 0.0045 
6 Below 0.0013 0.0055 
6 Above 0.0007 0.0020 
7 Below 0.0013 0.0076 
7 Above 0.0007 0.0008 
8 Below 0.0013 0.0041 
8 Above 0.0007 0.0008 
9 Below 0.0011 0.0009 
9 Above 0.0007 0.0007 
10 Below 0.0008 0.0008 
JOAbove 0.0005 0.0005 
11 Below 0.0006 0.0006 
11 Above 0.0003 0.0004 
12 Below 0.0004 0.0005 
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Table B-13 Result comparison between models 12A16/Err, 12AJ6/3101rr and 12A16/1170rr for EI Centro 1 ground 
acceleration record 
El Centro 1 
12A161E1T J2A16131011T 12A16111701T 
Maximum base shear Maximum base shear Maximum base shear 
(leN) (leN) (leN) 
Wlo P-L! 1872.0 1872.0 1875.6 
With P-L! 2047.6 2047.6 2043.7 
12 Me 12 
" 
12 
" 
" " 
~ 
10 Xl 10 Xl 10 .. 
,. ,. XA 
8 XA 8 XA 8 
'" 
$ x A X. XA Qj Qj Qj {; ,. 6 XA ,. 6 XA ,. 6 x • Q) Q) 
'" ~ -.J -.J -.J 
... 
XA XA X " 
~ 4 Xl 
'" .!.
4 Xl 4 1I. 
~ XA XA XA 
..:; 
2 2 X. x • 2 XA 
X • X • 
'" 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• wlo PO xwPO "w/o PO x wpd "w/o PO x wpd 
Maximum illter-storey drifts MaxilllulIl illter-storey drifts MaximuIII illter-storey drifts 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-LJ With P-LJ Without P-LJ With P-tJ Without P-tJ With P-tJ 
1 1.33 1.13 1.33 1.13 1.07 1.11 
2 1.64 1.45 1.65 1.48 1.81 1.67 
3 1.83 1.72 1.83 1.73 2.08 1.98 
4 1.92 1.85 1.92 1.84 2.06 2.04 
5 1.84 1.74 1.84 1.72 1.98 1.76 
6 1.51 1.36 1.51 1.35 1.47 1.04 
7 1.06 0.89 1.05 0.87 0.68 0.55 
8 0.63 0.50 0.63 0.49 0.44 0.38 
9 0.37 0.33 0.36 0.33 0.37 0.28 
10 0.28 0.21 0.28 0.21 0.26 0.23 
11 0.17 0.19 0.17 0.19 0.22 0.21 
12 0.11 0.13 0.11 0.13 0.15 0.16 
3 
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El Centro 1 
12A161EIT 12A16131011T 12A16111701T 
12 12 12 
10 10 10 
~ 8 ~ 
8 8 
:: 
~ OJ OJ OJ <.l 
.!:l 
,. 6 ,. 6 
,. 6 OJ <ll 
'" 
5} -.J -.J ..J
~ 
:: 4 4 4 
:::: 
.s 
~ 2 2 2 
0 0 0 
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 
Displacement (m) Displacement 1m) Displacement (m) 
-+-w/o PO ->+--w PO --<r-w/o PO -H--W PO ---<.-w/o PO ___ w PO 
Maximum displacements Maximum displacements MaximulII displacements 
(/II) (m) (m) 
Level Without P-Ll With P-Ll Without P-Ll With P-Ll Without P-Ll Witll P-Ll 
1 0.045 0.038 0.045 0.038 0.036 0.038 
2 0.101 0.086 0.101 0.086 0.096 0.094 
3 0.162 0.141 0.162 0.141 0.164 0.147 
4 0.224 0.202 0.224 0.202 0.230 0.212 
5 0.284 0.259 0.284 0.260 0.295 0.269 
6 0.333 0.305 0.333 0.305 0.343 0.305 
7 0.364 0.332 0.364 0.332 0.363 0.317 
8 0.382 0.343 0.382 0.343 0.370 0.323 
9 0.389 0.348 0.388 0.348 0.375 0.327 
10 0.392 0.352 0.392 0.351 0.380 0.329 
11 0.395 0.354 0.395 0.354 0.383 0.331 
12 0.397 0.355 0.397 0.355 0.385 0.333 
Level Central spall beam rotations Celltral spall beam rotatiollS Cefltral spall beam rotatiolls 
(rad) (rad) (rad) 
1 0.0116 0.0116 0.0100 
2 0,0153 0,0155 0,0162 
3 0,0176 0,0176 0,0175 
4 0,0182 0,0180 0,0156 
5 0.0155 0.0153 0,0106 
6 0.0106 0.0104 0,0044 
7 0,0050 0,0048 0,0024 
8 0,0024 0,0023 0.0014 
9 0.0007 0.0007 0,0006 
10 0,0005 0,0005 0,0005 
11 0,0004 0,0004 0,0004 
12 0,0002 0,0002 0,0002 
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EI Centro 1 
12A/6/E1T 12A/6131011T 12A/6111701T 
Illterior column rotation Interior columll rotation Interior coillmll rotation 
(rad) (rad) (rad) 
G.L. 0.0077 0.0077 0.0080 
1 Below 0.0009 0.0010 
1 Above 0.0022 0.0086 
2 Below 0.0013 0.0061 
2 Above 0.0013 0.0053 
3 Below 0.0012 0.0052 
3 Above 0.0011 0.0039 
4 Below 0.0013 0.0078 
4 Above 0.0008 0.0046 
5 Below 0.0014 0.0078 
5 Above 0.0008 0.0033 
6 Below 0.0015 0.0069 
6Above 0.0007 0.0009 
7 Below 0.0014 0.0023 
7 Above 0.0007 0.0008 
8 Below 0.0011 0.0012 
8 Above 0.0006 0.0007 
9 Below 0.0009 0.0008 
9 Above 0.0006 0.0007 
10 Below 0.0007 0.0007 
10 Above 0.0006 0.0006 
11 Below 0.0006 0.0007 
11 Above 0.0004 0.0004 
12 Below 0.0004 0.0006 
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Table B-14 Result comparison between models 12AJ6fErr, 12A16/31 Olrr and 12AJ6/1l70rr for EI Centro 2 ground 
acceleration record 
El Centro 2 
12A161E1T 12A16/31011T 12A16/11701T 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (kN) 
W"/O P-LJ 1838.1 1838.1 1813.4 
With P-LJ 2061.0 2061.0 2030.8 
12 . 12 • 12 ~ 
" 
II 
" 
10 x 10 . 10 ~ 
XI. 
'" '" 
8 ,.. 8 ,.. 8 XA 
.l:) XA XA XA S Cii Cii Cii {j ,. 6 XI. ,. 6 XIo ,. 6 
"" Q) Q) Q) ~ -.J -.J -.J 
... 
EX EX K 
..9 4 AX 4 AX 4 A X 
'" >!.
.::! AX AX A X 
~ 2 2 AX 2 . X AX 
AX AX AX 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• win PO X wPD • w/o PO X wpd • w/oPD X wpd 
Maximum inter-storey drifts Maximum iltter-storey drifts Maximum iltter-storey drifts 
(% o/storey height) (% o/storey height) (% o/storey height) 
Storey Without P-,d With P-,d Witholll P-iJ With P-iJ Without P-iJ With P-,d 
1 0.77 0.93 0.771 0.93 0.76 0.89 
2 1.01 1.15 1.01 1.15 1.24 1.51 
3 1.13 1.28 1.13 1.28 1.30 1.60 
4 1.15 1.25 1.15 1.24 1.28 1.49 
5 1.15 1.20 1.15 1.20 1.16 1.18 
6 1.05 0.99 1.05 0.99 0.96 0.88 
7 0.84 0.70 0.84 0.70 0.73 0.66 
8 0.56 0.50 0.56 0.50 0.49 0.41 
9 0041 0.34 0041 0.34 0.35 0.37 
10 0.39 0.39 0.39 0.39 0.41 0.42 
11 0.33 0.32 0.33 0.32 0.32 0.31 
12 0.19 0.l8 0.19 0.18 0.18 0.17 
3 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12A161E1T 
12 
10 
8 
iii ,. 6 
'" .... 
4 
2 
0 
0 0.1 02 0.3 
Displacement (m) 
-+--w/o PO -t<--w PO 
Maximulll displacements 
(m) 
Without P-Ll With P-,d 
0.026 0.032 
0.061 0.070 
0.094 0.110 
0.133 0.152 
0.169 0.188 
0.200 0.217 
0.224 0.239 
0.240 0.253 
0.249 0.261 
0.253 0.266 
0.254 0.267 
0.253 0.267 
Central span beam rotations 
(rad) 
0.0091 
0.0111 
0.0116 
0.0115 
0.0103 
0.0075 
0.0048 
0.0021 
0.0021 
0.0021 
0.0006 
0.0003 
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El Centro 2 
12A16/31 0111' 
o 0.1 0.2 0.3 
Displacement (m) 
-Ir-w/o PO -t<--w PO 
MaximuIII displacemellts 
(m) 
Without P-,d Witlt P-,d 
0.026 0.032 
0.061 0.070 
0.094 0.110 
0.133 0.152 
0.169 0.188 
0.200 0.217 
0.224 0.239 
0.240 0.253 
0.249 0.261 
0.253 0.266 
0.254 0.267 
0.253 0.267 
Central span beam rotations 
(rad) 
0.0091 
0.0112 
0.0116 
0.0115 
0.0103 
0.0075 
0.0048 
0.0021 
0.0021 
0.0021 
0.0006 
0.0003 
iii ,. 
'" .... 
12A16111701T 
12 
10 
8 
6 
4 
2 
0 
0 0.1 0.2 
Displacement (m) 
-Ir-w/o PO -*-w PD 
Maximum displacements 
(III) 
0.3 
Wit/lOut P-,d With P-,d 
0.026 0.030 
0.067 0.080 
0.109 0.132 
0.149 0.177 
0.185 0.212 
0.215 0.238 
0.233 0.252 
0.240 0.258 
0.244 0.264 
0.248 0.268 
0.249 0.269 
0.249 0.268 
Central spall beam rotations 
(rad) 
0.0077 
0.0110 
0.0112 
0.0085 
0.0070 
0.0058 
0.0030 
0.0014 
0.0025 
0.0022 
0.0005 
0.0002 
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El Centro 2 
12A161EIT 12A16131011T 12A16111701T 
Interior COlUlII1I rotatioll Interior column rotation Interior COIUIIIII rotation 
(rad) (rad) (rad) 
G.L. 0.0055 0.0055 0.0058 
1 Below 0.0008 0.0011 
1 Above 0.0014 0.0072 
2 Below 0.0012 0.0051 
2 Above 0.0011 0.0052 
3 Below 0.0013 0.0056 
3 Above 0.0012 0.0042 
4 Below 0.0012 0.0068 
4 Above 0.0012 0.0043 
5 Below 0.0013 0.0048 
5 Above 0.0010 0.0025 
6 Below 0.0013 0.0051 
6Above 0.0007 0.0012 
7 Below 0.0013 0.0030 
7 Above 0.0008 0.0013 
8 Below 0.0011 0.0017 
8 Above 0.0009 0.0017 
9 Below 0.0008 0.0008 
9 Above 0.0008 0.0008 
10 Below 0.0008 0.0009 
10 Above 0.0006 0.0006 
11 Below 0.0009 0.0010 
11 Above 0.0005 0.0005 
12 Below 0.0006 0.0006 
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Table B-15 Result comparison between models 12AJ61Err, 12AJ6/3101rr and 12A16/I170rr for Tabas 1 ground 
acceleration record 
Tabas 1 
12A/6/E1T J2A/6131011T 12A/6111701T 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (kN) 
WloP-A 1941.8 1941.8 1944.6 
With P-A 2153.5 2152.8 2107.1 
12 1 12 . 12 . 
" 
x • 
10 
'" 
10 ,. 10 
" 
" 
.. ,. 
8 
"" 
B XA 8 Xl 
~ X. XA x .. Q; <; ~ {j ,. 6 Xl ~ 6 Xl 6 XA Ql 
'" ~ .... -J .... 
.. 
II;( &< 
" ~ 4 
"" 
4 AX 
'" 
4 
"" 
.!.
~ • x 
.. x AX 
.::; 
2 AX 2 AX 2 AX 
AX AX AX 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
.. w/o PO x wpd A w/o PO X wpd A w/oPO X wpd 
Maximum inter-storey drifts iI'/aximulIl inter-storey drifts M axilllUIII illter-storey drifts 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-LJ With P-LJ Without P-LJ With P-LJ Without P-LJ With P-LI 
1 0.77 0.88 0.766 0.88 0.79 0.88 
2 0.89 1.01 0.89 1.01 1.11 1.26 
3 0.95 1.13 0.95 1.13 1.03 1.19 
4 1.08 1.16 1.08 1.16 1.07 1.15 
5 1.24 1.28 1.24 1.28 1.26 1.28 
6 1.40 1.34 1.40 1.34 1.43 1.34 
7 1.17 1.03 1.17 1.03 1.17 1.05 
8 0.73 0.65 0.73 0.65 0.72 0.65 
9 0.48 0.47 0.48 0.47 0.50 0.47 
10 0.38 0.34 0.38 0.34 0.33 0.31 
11 0.22 0.21 0.22 0.21 0.22 0.22 
12 0.14 0.13 0.14 0.13 0.14 0.13 
3 
--
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Tabas 1 
12A16/En 12A/6/3101n 12A16/1170n 
12 t 12 If 12 
10 10 10 
tl 8 8 8 ~ 
::: 
'" 
a; a; a; u > 6 > 6 > 6 oS CIl CIl CIl 
~ .... .... .... 
:.; 
:: 4 4 4 
:: 
.5 
~ 2 2 2 
0 0 0 
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 
Displacement 1m) Displacement 1m) Displacement 1m) 
-+-WID PO -><-w PO -+-WID PO -><-w PO _____ WiD PO ->+-wPO 
Maximum displacements Maximum displacements MaximulII displacelllellls 
(1/1) (m) (III) 
Level Wit/wilt P-Ll With P-Ll Without P-Ll With P-Ll Without P-Ll With P-Ll 
1 0.026 0.030 0.026 0.030 0.027 0.030 
2 0.055 0.062 0.055 0.062 0.063 0.070 
3 0.083 0.098 0.083 0.098 0.095 0.109 
4 0.116 0.137 0.116 0.137 0.127 0.145 
5 0.158 0.177 0.158 0.177 0.164 0.184 
6 0.201 0.219 0.201 0.219 0.210 0.228 
7 0.235 0.251 0.235 0.251 0.245 0.259 
8 0.258 0.269 0.258 0.269 0.265 0.275 
9 0.273 0.280 0.273 0.280 0.276 0.281 
10 0.280 0.284 0.280 0.284 0.280 0.283 
11 0.281 0.286 0.281 0.286 0.283 0.286 
12 0.282 0.290 0.282 0.290 0.284 0.288 
Level Central spall beam rotations Central spall beam rotations Central spall beam rotatiolls 
(rad) (rad) (rad) 
1 0.0080 0.0080 0.0075 
2 0.0095 0.0095 0.0078 
3 0.0100 0.0100 0.0075 
4 0.0114 0.0114 0.0071 
5 0.0130 0.0130 0.0088 
6 0.0118 0.0118 0.0090 
7 0.0074 0.0074 0.0057 
8 0.0042 0.0042 0.0038 
9 0.0028 0.0029 0.0020 
10 0.0006 0.0006 0.0007 
11 0.0004 0.0004 0.0004 
12 0.0002 0.0002 0.0002 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5 Above 
6 Below 
6Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9 Above 
10 Below 
10Above 
11 Below 
11 Above 
12 Below 
12A161E1T 
Interior coilimll rotation 
(rad) 
0.0063 
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Tabas 1 
12A16131011T 
111terior coillmll rotation 
(rad) 
0.0063 
0.0010 
0.0013 
0.0014 
0.0011 
0.0014 
0.0012 
0.0012 
0.0011 
0.0011 
0.0009 
0.0012 
0.0010 
0.0015 
0.0009 
0.0011 
0.0009 
0.0010 
0.0007 
0.0010 
0.0006 
0.0007 
0.0004 
0.0005 
12A16111701T 
Illterior collimn rotatioll 
(rad) 
0.0067 
0.0010 
0.0056 
0.0050 
0.0040 
0.0046 
0.0040 
0.0047 
0.0062 
0.0052 
0.0055 
0.0050 
0.0023 
0.0049 
0.0023 
0.0030 
0.0013 
0.0020 
0.0008 
0.0009 
0.0006 
0.0007 
0.0004 
0.0005 
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Table B-16 Result comparison between models 12AJ6/Eff and 12AJ6/3101ff for Tabas 2 ground acceleration record 
Tabas 2 
12A/6/EIT 12A/6/31011T 
MaximulIl base shear Maximum base shear 
(kN) (kN) 
W/oP-iJ. 1965.2 1965.2 
With P-iJ. 2082.7 2086.3 
12 ~ 12 . 
" " 
10 ,. 10 ,. 
,. ,. 
8 ,. 8 ,. 
,i:J AX 
'" S. Qi Qi {j ". 6 ~ ". 6 ~ 
" " ~ .... .... 
... 
,. 
'" 
<:> 
..... 4 ,. 4 ,. 
'" o!. 
!l • " 
.!$ 
2 
" 
2 
" 
AX AX 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
• wlo PO x wpd • w/o PO xwpd 
Maximum illter-storey drifts Maximum il/ter-storey drifts 
(% o/storey height) (% o/storey height) 
Storey WitholltP-A WithP-LJ Without P-LJ With P-LJ 
1 0.74 0.80 0.736 0.80 
2 1.01 0.99 1.01 0.99 
3 1.13 1.12 1.13 1.12 
4 1.19 1.15 1.19 1.15 
5 1.08 1.03 1.08 1.03 
6 0.92 0.94 0.92 0.94 
7 0.86 0.91 0.86 0.91 
8 0.72 0.70 0.72 0.69 
9 0.44 0.40 0.44 0.40 
10 0.33 0.29 0.33 0.29 
11 0.23 0.20 0.23 0.21 
12 0.13 0.12 0.13 0.12 
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Tabas 2 
12A16/EIT 12A16/31011T 
12 12 ft 
10 10 
tl 8 ~ 8 i :::: ~ ::: 
III Qi Qi u 
'" 
6 '" 6 
.s! Q) Q) 
~ .... .... ~ 
;:: 4 4 
:: 
.5 
~ 2 2 
0 0 
0 0.1 02 0.3 0 0.1 02 0.3 
Displacement (m) Displacement (m) 
___ w/o PO 
-->+-wPO ---w/o PO -->+-w PO 
Maximum displacements MaximulIl displacements 
(m) (m) 
Level Without P-!J With P-!J Without P-!J With P-!J 
1 0.Q25 0.027 0.Q25 0.027 
2 0.056 0.061 0.056 0.061 
3 0.095 0.092 0.095 0.092 
4 0.131 0.127 0.131 0.127 
5 0.165 0.160 0.166 0.159 
6 0.191 0.179 0.191 0.179 
7 0.206 0.195 0.206 0.195 
8 0.216 0.202 0.216 0.202 
9 0.222 0.206 0.222 0.206 
10 0.228 0.210 0.228 0.210 
11 0.232 0.2l3 0.232 0.212 
12 0.234 0.214 0.234 0.214 
Level Celltral spall beam rotations Celltral span beam rotations 
(rad) (rad) 
1 0.0077 0.0076 
2 0.0093 0.0093 
3 0.0104 0.0104 
4 0.0099 0.0099 
5 0.0084 0.0084 
6 0.0084 0.0085 
7 0.0072 0.0072 
8 0.0040 0.0040 
9 0.0016 0.0016 
10 0.0006 0.0006 
11 0.0004 0.0004 
12 0.0002 0.0002 
Tabas2 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 Below 
6 Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9 Above 
10 Below 
10 Above 
11 Below 
11 Above 
12 Below 
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12A161EIT 
Interior colulIIn rotation 
(rad) 
0.0049 
J2A16131011T 
[lIterior colulIln rotation 
(rad) 
0.0049 
0.0009 
0.0016 
0.0013 
0.0011 
0.0012 
0.0010 
0.0012 
0.0012 
0.0013 
0.0010 
0.0012 
0.0008 
0.0011 
0.0008 
0.0012 
0.0008 
0.0010 
0.0007 
0.0009 
0.0006 
0.0007 
0.0004 
0.0005 
B-173 
B.3 Twelve Storey B Buildillg 
Table B-17 Results comparison between models 12B/6/EIT, 12B/6/31011T and 12B/6/11701T for Modified EI Centro NS 
ground acceleration record 
W/oP-Ll 
With P-.t1 
Oi 
". 
'" ...
Storey 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Record "Modified El Centro NS" 
l2B/6/EIT 
MaximulII base shear 
12 XA 
10 
8 
6 
4 
2 
0 
0 
(kN) 
1850.3 
2012.7 
XA 
'" 
AX 
A X 
A X 
A X 
AX 
A X 
• X 
1 2 
Inter-storey drift (%) 
A wlo PD x wpd 
Maximum inter-storey drifts 
(% ofstol'ey height) 
Without P-.t1 With P-.t1 
0.89 1.21 
1.08 1.36 
1.29 1.38 
1.43 1.60 
1.49 1.78 
1.48 1.71 
1.49 1.57 
1.49 1.43 
1.19 1.08 
0.71 0.61 
0.37 0.34 
0.26 0.18 
3 
Q; 
". 
" ... 
12B/6/3l0llT 
Maximum base shear 
(kN) 
1833.6 
2044.5 
12 ,. 
10 XA 
XA 
8 Xl 
AX 
6 • x 
A X 
4 AX 
'" 
2 • X 
A X 
0 
0 1 2 
Inter-storey drift (%) 
A w/o PD x w pd 
M axilll1l1ll illter-storey drifts 
(% afstorey height) 
WitholltP-.t1 WithP-.t1 
0.92 1.23 
1.13 1.38 
1.33 1.39 
1.46 1.62 
1.53 1.79 
1.50 1.73 
1.51 1.58 
1.50 1.43 
1.19 1.07 
0.71 0.62 
0.40 0.34 
0.34 0.28 
3 
B-174 
Record "Modified El Centro NS" 
12B16/E1T 12BI6131011T 
12 if 12 if 
t 
10 10 
tl 
~ 
8 8 
~ iii iii 
<.J ,. 6 ,. 6 ~ Q) '" -J -J c;. 
~ 4 4 S j 2 2 
a a 
0.000 0.200 0.400 0.600 0.000 0.200 0.400 0.600 
Displacement (m) Displacement (m) 
____ w/aPD ~wPD 
----w/a PO -><-w PO 
Maximum displacements il'Iaximu/II displacements 
(/II) (m) 
Level Without P-d With P-d Without P-d With P-Ll 
1 0.030 0.041 0.031 0.042 
2 0.067 0.087 0.070 0.089 
3 0.104 0.132 0.108 0.133 
4 0.151 0.173 0.153 0.175 
5 0.202 0.210 0.205 0.212 
6 0.252 0.263 0.256 0.266 
7 0.303 0.316 0.307 0.319 
8 0.349 0.362 0.354 0.365 
9 0.383 0.394 0.388 0.397 
10 00403 0.411 00408 0.414 
11 00411 0.417 00416 0.421 
12 00413 0.419 0.421 0.424 
Level Celltre spall beam rotations Ce1ltre spall beam rotations 
(rad) (rad) 
1 0.0120 0.0123 
2 0.0129 0.0131 
3 0.0143 0.0145 
4 0.017] 0.0]72 
5 0.0179 0.0181 
6 0.0159 0.0]60 
7 0.0141 0.0]41 
8 0.0119 0.0119 
9 0.0067 0.0067 
10 0.0024 0.0025 
11 0.0005 0.0009 
12 0.0002 0.0001 
G.L. 
1 Below 
1 Above 
2 Below 
2Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 Below 
6 Above 
7 Below 
7 Above 
8 Below 
8Above 
9 Below 
9 Above 
10 Below 
IOAbove 
11 Below 
11 Above 
12 Below 
B-175 
Record "Modified El Centro NS" 
12B/6/E1T 
Interior column rotatioll 
(rad) 
0.0089 
12B/61310IIT 
Interior COllll1l1l rotatioll 
(rad) 
0.0090 
0.0007 
0.0023 
0.0013 
0.0014 
0.0011 
0.0011 
0.0011 
0.0010 
0.0010 
0.0010 
0.0011 
0.0012 
0.0010 
0.0008 
0.0011 
0.0007 
0.0013 
0.0006 
0.0011 
0.0006 
0.0008 
0.0005 
0.0027 
B-176 
Table B-18 Results comparison between models 12B/6/EIT, 12B/6/3101IT and 12B/6/1170IT for Modified EI Centro EW 
ground acceleration record 
Record "Modified El Centro EW" 
12BI61E1T 12BI6131 0 lIT 
Maximum base shear frlaximum base shear 
(kN) (kN) 
WloP-tJ 1689.4 1704.9 
With p-tJ 2133.9 2107.9 
12 . 12 . 
. x 
10 AX 10 
'"' 
• x • x 
8 . x 8 . x 
~ . x • x Qi Qi {j "" 6 • x "" 6 • x (l) (l) 
~ .... .... 
... 
AX AX 
~ 
'" o!. 4 
. x 4 • x 
~ 
• X A X ~ 
2 A X 2 A X 
• X • X 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
A w/o PO x wpd • w/o PO x wpd 
Maximum illter-storey drifts frJaximum illter-storey drifts 
(% of storey height) (% of storey height) 
Storey Without p-tJ With p-tJ Without p-tJ With p-tJ 
1 1.32 1.91 1.27 1.83 
2 1.54 2.11 1.52 2.09 
3 1.70 2.20 1.71 2.21 
4 1.84 2.11 1.87 2.16 
5 1.91 2.08 1.95 2.10 
6 1.82 2.04 1.87 2.06 
7 1.64 1.94 1.70 1.97 
8 1.32 1.68 1.38 1.71 
9 0.89 1.14 0.92 1.16 
10 0.55 0.63 0.57 0.63 
11 0.39 0.40 0.39 0.38 
12 0.24 0.23 0.37 0.35 
~ 
~ 
~ 
<J 
.s 
E} 
~ 
::: 
:: 
:: 
~ 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
B-l77 
Record "Modified El Centro EW" 
12B16/EIT 
12 
10 
8 
Q; 
::. 6 
'" -.J
4 
2 
a 
0.000 0.500 1.000 
Displacement (m) 
-+-w/oPO ____ w PO 
MaxilllulII displacemellts 
(m) 
Without P-L1 Witlt P-4 
0.045 0.065 
0.096 0.137 
0.153 0.208 
0.213 0.279 
0.276 0.344 
0.336 0.401 
0.390 0.462 
0.427 0.510 
0.452 0.545 
0.463 0.566 
0.467 0.577 
0.468 0.583 
Centre spall beam rotatiolls 
(rad) 
0.02006 
0.02172 
0.02175 
0.02115 
0.02115 
0.02019 
0.01789 
0.01361 
0.00670 
0.00272 
0.00101 
0.00032 
12BI6131011T 
12 f 
r 
10 
8 
Q; 
::. 6 OJ 
-.J 
4 
2 
OT-~~~~~~~-
0.000 0.500 1.000 
Displacement (m) 
-+-w/o PD -><-w PO 
Maximum displacements 
(m) 
Without P-L1 With P-4 
0.043 0.062 
0.095 0.133 
0.151 0.205 
0.212 0.277 
0.277 0.345 
0.339 0.405 
0.394 0.455 
0.432 0.504 
0.459 0.539 
0.470 0.560 
0.474 0.571 
0.475 0.578 
Celltre spall beam rotatiolls 
(rad) 
0.0194 
0.0216 
0.0222 
0.0213 
0.0214 
0.0206 
0.0183 
0.0137 
0.0070 
0.0026 
0.0015 
0.0002 
.... 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 Below 
6 Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9 Above 
10 Below 
10 Above 
11 Below 
11 Above 
12 Below 
B-l78 
Record "1I1odijied El Celltro EW" 
12B16/E1T 
Illterior columll rotatioll 
(rad) 
0.01493 
12B16131011T 
Illterior COIUlIIII rotatioll 
(rad) 
0.0142 
0.0007 
0.0015 
0.0010 
0.0012 
0.001 I 
0.001 I 
0.0011 
0.0008 
0.001 I 
0.0007 
0.0012 
0.0008 
0.0014 
0.0009 
0.0014 
0.0008 
0.0014 
0.0007 
0.0011 
0.0006 
0.0008 
0.0006 
0.0038 
B-179 
Table B-19 Results comparison between models 12B/6/Eff, 12B/6/3101ff and 12B/6/11701T for Modified TAFT 1 ground 
acceleration record 
Record "Modified TAFT 1" 
12B16/E1T 12B16131011T 
M axi1ll1l111 base shear lVIaximuIII base shear 
(kN) (kN) 
W/o P-.d 1789.9 1817.8 
With P-.d 2392.3 2361.4 
12 ,. 12 X& 
". XA 
10 XA 10 XA 
"" 
XA 
B x A 8 x A 
tl ~ 
'" S Oi Oi {j ~ 6 A X 
" 
6 A X 
'" 
., 
~ -J -J 
... 
• x A X 
~ 4 . x 4 A X 
~ A , A ... 
..:s 
2 . 2 . 
• x • x 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
• wlo PO x wpd • wlo PO x wpd 
Maximum il/ter-storey drifts Maxim um illter-storey drifts 
(% of storey height) (% of storey height) 
Storey Without P-LJ With P-LJ Withollt P-LJ With P-LJ 
1 1.54 2.40 1.48 2.33 
2 1.67 2.53 1.65 2.50 
3 1.61 2.45 1.60 2.45 
4 1.67 2.25 1.66 2.27 
5 1.79 2.01 1.80 2.04 
6 1.69 1.92 1.70 1.94 
7 1.80 1.81 1.78 1.82 
8 1.81 1.58 1.77 1.58 
9 1.43 1.34 1.45 1.30 
10 0.91 0.82 0.95 0.80 
11 0.45 0.39 0.51 0.40 
12 0.22 0.19 0.34 0.25 
B-180 
Record "Modified TAFT I" 
12B16/E1T 12BI613IOIIT 
12 12 
10 10 
,'::J B B § 
::: Q; Q; '» 
<.J ,. 6 ,. 6 
.s Q) OJ ..,j ..,j 
~ ~ 4 4 
::: 
::: 
.5 
~ 2 2 
0 0 
0.000 0.500 1.000 0.000 0.500 1.000 
Displacement 1m) Displacement 1m) 
___ w/a PD 
-><-w PD --w/aPD -><-w PD 
Maximum displacements MaximulIl displacements 
(/II) (m) 
Level Without P-!l With P-!l Without P-!l With P-!l 
1 0.052 0.082 0.050 0.079 
2 0.109 0.167 0.106 0.164 
3 0.164 0.250 0.161 0.247 
4 0.217 0.327 0.213 0.324 
5 0.269 0.395 0.265 0.394 
6 0.319 0.456 0.314 0.456 
7 0.368 0.511 0.365 0.511 
8 0.415 0.557 0.412 0.558 
9 0.457 0.591 0.452 0.590 
10 0.487 0.611 0.483 0.609 
11 0.502 0.619 0.500 0.618 
12 0.508 0.623 0.510 0.624 
Level Centre span beam rotations Celltre spall beam rotations 
(rad) (rad) 
1 0.0250 0.0247 
2 0.0255 0.0254 
3 0.0239 0.0239 
4 0.0216 0.0218 
5 0.0198 0.0201 
6 0.0188 0.0189 
7 0.0164 0.0165 
8 0.0145 0.0139 
9 0.0097 0.0095 
10 0.0037 0.0034 
11 0.0006 0.0009 
12 0.0003 0.0002 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9Above 
10 Below 
IOAbove 
11 Below 
11 Above 
12 Below 
B-181 
Record "Modified TAFT I" 
12B161E1T 
Interior COllllllll rotation 
(rad) 
0.01844 
12BI613IOIIT 
Interior coillmll rotatioll 
(rad) 
0.0178 
0.0007 
0.0013 
0.0013 
0.0010 
0.0012 
0.0012 
0.0012 
0.0008 
0.0011 
0.0007 
0.0012 
0.0011 
0.0014 
0.0010 
0.0012 
0.0007 
0.0012 
0.0006 
0.0013 
0.0005 
0.0008 
0.0005 
0.0025 
B-182 
Table B-20 Results comparison between models 12B/6/Err, 12B/6/3101rr and 12B/6/1170rr for Modified TAFT 2 ground 
acceleration record 
Record "Modified TAFT 2" 
12BI61E1T 12B16/3l011T 
Maximum base shear Maximum base shear 
(kN) (kN) 
Wlo P-.d 1688.5 1742.2 
With P-.d 1832.0 1815.4 
12 
'" 
12 X4 
XA XA 
10 XA 10 x. 
XA XA 
8 • 8 ,. 
g Al " Q; Q; {; ~ 6 • x ~ 6 • x Cl) Q) 
~. -J -J . X • X ;: 
'" "-
4 . x 4 . x 
~ . x • x 
..:; 
2 • x 2 • x 
• X AX 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
• w/o PO x wpd • w/o PO x wpd 
Maximum inter-storey drifts Maximum inter-storey drifts 
(% o/storey height) (% o/storey height) 
Storey Wit/lOut P-.d With P-.d Without P-.d With P-.d 
1 0.95 1.17 0.88 1.00 
2 1.15 1.39 1.12 1.29 
3 1.22 1.51 1.21 1.46 
4 1.21 1.54 1.21 1.54 
5 1.16 1.47 1.16 1.49 
6 1.09 1.31 1.10 1.34 
7 1.33 1.35 1.31 1.34 
8 1.49 1.48 1.47 1.44 
9 1.39 1.31 1.38 1.31 
10 1.01 0.90 1.07 0.92 
11 0.52 0.44 0.66 0.51 
12 0.26 0.22 0.46 0.34 
Record "Modified TAFT 2" 
--
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
B-183 
12BI61E1T 
12 
10 
8 
~ 6 
'" .,J 
4 
2 
0.000 0.200 DADO 0.600 
Displacement 1m) 
___ w/o PO 
-#-wPO 
IIJaximulII displacements 
(m) 
Without P-iJ With P-iJ 
0.032 0.040 
0.071 0.087 
0.113 0.139 
0.154 0.191 
0.193 0.241 
0.229 0.285 
0.264 0.325 
0.297 0.359 
0.324 0.384 
0.342 0.400 
0.351 0.408 
0.356 0.411 
Celltre spall beam rotations 
(rad) 
0.0118 
0.0138 
0.0146 
0.0147 
0.0135 
0.0116 
0.0136 
0.0137 
0.0099 
0.0046 
0.0010 
0.0003 
12B16131011T 
12 
10 
8 
~ 6 
'" .,J 
4 
2 
O~~~~~~~~rl 
0.000 0.200 00400 0.600 
Displacement 1m) 
___ w/o PO 
-*-w PO 
MaximulII displacements 
(/It) 
Wit/wilt P-iJ Witlt P-iJ 
0.030 0.034 
0.068 0.078 
0.109 0.127 
0.150 0.180 
0.189 0.230 
0.225 0.276 
0.260 0.317 
0.292 0.352 
0.319 0.378 
0.338 0.395 
0.349 0.404 
0.360 0.410 
Centre spall beam rotations 
(rad) 
0.0102 
0.0129 
0.0144 
0.0149 
0.0140 
0.0120 
0.0134 
0.0135 
0.0103 
0.0053 
0.0017 
0.0001 
Record "Modified TAFT 2" 
G.L. 
J Below 
J Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6 Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9 Above 
10 Below 
IOAbove 
11 Below 
11 Above 
12 Below 
B-184 
12B/6/E1T 
Interior colullln rotation 
(rad) 
0.0083 
12B/6/31 011T 
illterior colullln rotation 
(rad) 
0.0069 
0.0007 
0.0014 
0.0010 
0.0011 
0.0010 
0.0010 
0.0010 
0.0011 
0.0009 
0.0010 
0.0010 
0.0013 
0.0009 
0.0011 
0.0011 
0.0007 
0.0012 
0.0006 
0.0012 
0.0005 
0.0010 
0.0005 
0.0037 
Table B-21 Results comparison between models 12B/6/Err, 12B/6/3101rr and 12B/6/1170/T for El Centro 1 ground 
acceleration record 
B-185 
Record "EI Centro 1 " 
12B161En 12BI613101n 
Maximum base shear M aximufII base shear 
(kN) (kN) 
WloP-,1 177S.1 1789.9 
With P-
,1 2067.3 2061.1 
12 ~ 12 
" 
" 
~ 
10 Xl 10 ,. 
x • x • 
8 x • 8 x • 
~ x • x A :s- a; a; {j ,. 6 x A ,. 6 x A Q) 
'" ~ .... .... 
... 
XA XA 
<:> 
.... 4 XA 4 XA 
'" ~~ Xl XA 
~ 2 • x 2 • x 
A X • X 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
A w/o PO xwPO A w/o PO xwPO 
Maximum inter-storey drifts Alaximu1II illter-storey drifts 
(%"ofstorey height) (% of storey height) 
Storey Without P-Ll Witlt P-Ll Without P-Ll With P-Ll 
1 1.05 1.32 1.02 1.26 
2 1.20 1.46 1.19 1.44 
3 1.41 1.35 1.44 1.35 
4 1.51 1.39 1.55 1.41 
5 1.64 1.51 1.67 1.54 
6 1.68 1.49 1.70 1.52 
7 1.59 1.34 1.61 1.38 
8 1.32 1.04 1.35 1.06 
9 0.90 0.66 0.92 0.70 
10 0.53 0.47 0.54 0.50 
11 0.31 0.29 0.31 0.31 
12 0.18 0.17 0.24 0.25 
Record "El Centro 1" 
B-186 
12B/6/EIT 12B/6/31 0 lIT 
12 12 
10 10 
~ 8 8 ~ 
~ Qj Qj <.> 
.Sl 
,. 6 ,. 6 
'" 
OJ 
~ .... ..... 
~ 
is 4 4 
::: 
.5 
~ 2 2 ~ 
0 0 
0.000 0.200 00400 0.600 0.000 0.200 00400 0.600 
Displacement (m) Displacement (m) 
-.>-w/o PO -><--w PO -Ar--w/o PO -><--w PO 
Maximum displacemellts NJaxilllllllt displacements 
(m) (m) 
Level Withollt P-L1 With P-L1 Without P-L1 WithP-L1 
1 0.036 0.045 0.035 0.043 
2 0.076 0.095 0.075 0.092 
3 0.119 0.140 0.118 0.138 
4 0.169 0.179 0.170 0.177 
5 0.220 0.211 0.222 0.210 
6 0.273 0.239 0.276 0.241 
7 0.326 0.282 0.329 0.286 
8 0.367 0.315 0.371 0.319 
9 0.392 0.333 0.396 0.338 
10 0.404 0.341 0.409 0.345 
11 0.409 0.343 0.413 0.348 
12 0.413 0.344 0.418 0.350 
Level Celltre spa1l beam rotatiolls Celltre spall beam rotatiolls 
(rad) (rad) 
1 0.0132 0.0128 
2 0.0134 0.0133 
3 0.0122 0.0125 
4 0.0142 0.0144 
5 0.0152 0.0154 
6 0.0139 0.0142 
7 0.0129 0.0134 
8 0.0081 0.0085 
9 0.0050 0.0050 
10 0.0023 0.0028 
11 0.0006 0.0007 
12 0.0003 0.0002 
Record "El Centro 1" . 
G.L. 
1 Below 
I Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9Above 
10 Below 
10 Above 
II Below 
II Above 
12 Below 
B-187 
I2BI6IEIT 
Illterior COIIlIllIl rolatioll 
(rad) 
0.0094 
I2BI613IOIIT 
Illterior COIIlIllIl rotalioll 
(rad) 
0.0088 
0.0007 
0.0014 
0.0012 
0.0012 
0.0011 
0.0010 
0.0012 
0.0009 
0.0010 
0.0007 
0.0010 
0.0011 
0.0013 
0.0009 
0.0013 
0.0006 
0.0012 
0.0006 
0.0010 
0.0005 
0.0008 
0.0006 
0.0028 
B-188 
Table B-22 Results comparison between models 12B/6IErr, 12B/6/3101rr and 12B/6/1l70rr for EI Centro 2 ground 
acceleration record 
Record" El Centro 2" 
l2B16/E1T l2BI613l0lIT 
MaximulII base shear Maximum base shear 
(kN) (leN) 
Wlo p-t1 1818.6 1848.5 
With P-iJ 2021.9 2042.3 
12 ~ 12 ,.. 
'" 
,. 
10 Xl 10 Xl 
Xl ,.. 
8 XA 8 Xl 
~ ,. ,.. ;; ;; {j 
'" 
6 ., '" 6 " OJ OJ ~ -l .... 
... • • 
.::: 4 4 
'" 
EX 
'" ~
~ AX AX 
~ 
2 2 AX AX 
AX 
'" 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
• wlo PO xwPO • wlo PD xwpo 
Maximum illter-storey drifts Maximum illter-storey drifts 
(% a/storey height) (% a/storey height) 
Storey Without P-iJ With P-iJ Without P-iJ Witll P-iJ 
1 0.79 0.87 0.78 0.85 
2 0.90 0.98 0.90 0.99 
3 0.91 1.00 0.92 1.01 
4 0.86 0.91 0.87 0.92 
5 0.90 0.89 0.90 0.90 
6 0.88 0.89 0.83 0.84 
7 0.99 0.94 0.94 0.90 
8 1.11 1.02 1.10 1.02 
9 0.96 0.89 0.95 0.91 
10 0.61 0.54 0.61 0.53 
11 0.43 0.41 0.43 0.40 
12 0.27 0.25 0.45 0.40 
B-189 
Record" El Cel/tro 2" 
12B/6/EIT 12B/6/31011T 
12 12 
10 10 
~ 8 8 ~ 
:: 
'" 
Q; Q; IJ 
..!:! '" 6 '" 6 OJ Q) ~ .... .... ~ 
:: 4 4 
::: 
.5 
~ 2 2 
0 0 
0.000 0.100 0.200 0.300 0.000 0.100 0.200 0.300 
Displacement (m) Displacement (m) 
-Ir-w/o PO -><-wPO -+-w/o PO -><-W PO 
Maximlllll displacemellts Maximllm displacemellts 
(m) (m) 
Level Withollt P-LI With P-LI Withollt P-LI With P-LI 
1 0.027 0.029 0.027 0.029 
1 0.057 0.063 0.056 0.063 
3 0.084 0.093 0.084 0.093 
4 0.113 0.123 0.113 0.124 
5 0.137 0.146 0.138 0.147 
6 0.158 0.165 0.159 0.165 
7 0.181 0.185 0.181 0.185 
8 0.204 0.208 0.205 0.207 
9 0.226 0.229 0.226 0.226 
10 0.244 0.243 0.242 0.240 
11 0.257 0.255 0.256 0.253 
12 0.265 0.263 0.270 0.267 
Level Celltre spall beam rotatiolls Celltre spall beam rotatiolls 
(rad) (rad) 
1 0.0082 0.008l 
2 0.0087 0.0089 
3 0.0083 0.0085 
4 0.0080 0.0080 
5 0.0075 0.0075 
6 0.0081 0.0077 
7 0.0096 0.0101 
8 0.0111 0.0112 
9 0.0067 0.0068 
10 0.0028 0.0024 
11 0.0017 0.0025 
12 0.0004 0.0002 
G.I. 
1 Below 
1 Above 
2 Below 
2 Above 
3 BelolV 
3 Above 
4 Below 
4Above 
5 Below 
5 Above 
6 Below 
6Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9Above 
10 BelolV 
10Above 
11 Below 
11 Above 
12 BelolV 
B-190 
Record" El Celltro 2" 
12BI6/E/[' 
Illterior COIUlIIlI rotatioll 
(rad) 
0.0058 
12BI6/3101/[' 
IlIlerior COIUIIIII rolalioll 
(rad) 
0.0057 
0.0007 
0.0012 
0.0013 
0.0008 
0.0012 
0.0009 
0.0011 
0.0008 
0.0010 
0.0008 
0.0009 
0.0013 
0.0010 
0.0009 
0.0010 
0.0009 
0.0012 
0.0007 
0.0012 
0.0008 
0.0008 
0.0007 
0.0045 
B-191 
Table B-23 Results comparison between models 12B/6IErr, 12B/6/31 01rr and 12B/611170rr for Tabas 1 ground 
acceleration record 
Record "Tabas 1" 
12B/6/EIT 12B/6/31011T 
Maximum base shear Ma.1:imum base shear 
(kN) (kN) 
W/o P-A 1741.5 1755.9 
With P-LI 1953.7 1890.7 
12 . 12 
" 
" " 
10 ~ 10 
" 
" 
.. 
8 
'" 
8 XA 
cl:l .... 
'" S Oi Q; {j ,. 6 
" 
,. 6 M Q) Q) 
~ .... .... 
.... 
.x. AX 
<:> 
..... 4 AX 4 AX ..., 
.!. ~ AX AX 
~ 2 JI. 2 
" 
" " 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
A w/o PO x wpd • w/o PO x wpd 
MaximuIII iltter-storey drifts Maximum inter-storey drifts 
(% o/storey height) (% o/storey height) 
Storey Without P-LI With P-LI Without P-LI With P-LI 
1 1.16 1.19 1.08 1.10 
2 1.23 1.25 1.23 1.25 
3 1.03 1.12 1.06 1.13 
4 0.95 1.03 0.97 1.04 
5 1.02 1.09 1.03 1.11 
6 1.08 l.ll 1.09 1.12 
7 1.12 1.16 1.13 1.17 
8 1.11 1.04 1.14 1.04 
9 0.89 0.87 0.86 0.84 
10 0.71 0.69 0.70 0.67 
11 0.36 0.35 0.39 0.38 
12 0.18 0.18 0.25 0.24 
B-l92 
Record "Tabas 1" 
12B16/E1T 12B16131011T 
12 11' 12 11' 
10 10 
~ 8 8 ::: 
~ 
::: 
OJ Qj Qj \J 
...::! :- 6 :- 6 <I! Q) 
~ -.J -.J ~ 
::: 4 4 
:::! 
::: 
~ 2 2 
a a 
0.000 0.200 0.400 0.600 0.000 0.200 0.400 0.600 
Displacement (m) Displacement (m) 
'-'>-w/o PO -><-wPO '-'>-w/o PO -><-wPO 
Maximu/ll displacements Maximum displacemellts 
(m) (/II) 
Level Without P-IJ With P-IJ Without P-IJ Witlt P-IJ 
1 0.040 0.040 0.037 0.037 
2 0.081 0.083 0.078 0.080 
3 0.116 0.118 0.114 0.116 
4 0.141 0.143 0.141 0.142 
5 0.162 0.175 0.159 0.173 
6 0.197 0.211 0.195 0.209 
7 0.235 0.251 0.233 0.249 
8 0.271 0.286 0.270 0.285 
9 0.300 0.309 0.299 0.308 
10 0.317 0.323 0.317 0.322 
11 0.324 0.329 0.325 0.328 
12 0.326 0.334 0.327 0.334 
Level Centre spall beam rotations Centre spall beam rotatiolls 
(rad) (rad) 
1 0.0116 0.0110 
2 0.0106 0.0110 
3 0.0095 0.0097 
4 0.0095 0.0098 
5 0.0104 0.0106 
6 0.0105 0.0107 
7 0.0120 0.0118 
8 0.0099 0.0097 
9 0.0084 0.0079 
10 0.0038 0.0042 
11 0.0007 0.0007 
12 0.0003 0.0002 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4Above 
5 Below 
5Above 
6 Below 
6 Above 
7 Below 
7 Above 
8 BelolV 
8Above 
9 Below 
9 Above 
10 Below 
10Above 
11 Below 
11 Above 
12 Below 
B-193 
Record "Tabas I" 
I2BI6IE/]' 
Illterior colllllln rolalion 
(rad) 
0.0089 
I2BI6I3IOI/]' 
III/erior colullln rolation 
(rad) 
0.0079 
0.0007 
0.0011 
0.0011 
0.0008 
0.0012 
0.0008 
0.0012 
0.0009 
0.0010 
0.0008 
0.0009 
0.0012 
0.0009 
0.0012 
0.0011 
0.0009 
0.0011 
0.0007 
0.0012 
0.0005 
0.0009 
0.0006 
0.0027 
B-194 
Table B-24 Results comparison between models 12B/6/Err, 12B/6/3101rr and 12B/6/1170rr for Tabas 2 ground 
acceleration record 
Record "Tabas 2" 
12B/6/EIT 12B/6/31011T 
MaximuIII base shear MaximulII base shear 
(leN) (/eN) 
W/o P-L1 1811.6 1866.5 
With P-LJ 1840.5 1866.0 
12 x 12 • 
,. 
" 
10 
" 
10 
" 
,. ,. 
8 
" 
8 
" 
~ AX AX S- a; a; {j ,. 6 . ,. 6 "-.. .. 
~ -J -J 
... 
X> XA 
~ 
>!. 
4 XA 4 X. 
~ 
'" 
1< 
~ 2 AX 2 AX 
AX AX 
0 0 
0 1 2 3 0 1 2 3 
Inter-storey drift (%) Inter-storey drift (%) 
A wlo PD X wpd • wlo PD X wpd 
Maximum inter-storey drifts Maximum inter-slorey drifts 
(% of storey height) (% of storey height) 
Storey Without P-iJ With P-iJ Without P-iJ With P-LJ 
1 0.72 0.85 0.69 0.81 
2 0.94 1.03 0.92 1.02 
3 0.95 0.98 0.97 0.99 
4 1.00 0.89 1.02 0.90 
5 0.91 0.82 0.93 0.83 
6 0.79 0.79 0.81 0.79 
7 0.94 1.01 0.90 1.00 
8 1.05 1.01 1.04 1.02 
9 0.89 0.84 0.88 0.84 
10 0.57 0.55 0.59 0.56 
11 0.38 0.36 0.38 0.35 
12 0.21 0.20 0.29 0.28 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Level 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
B-195 
Record "Tabas 2" 
12B/6/EIT 
r 
+ 
12 
10 
8 
~ 6 
'" .... 
2 
O~~~~~~~~rl 
0.000 0.200 0.400 0.600 
Displacement (m) 
___ w/o PO 
-#-wPO 
Maximum dispiacelllellts 
(m) 
Without P-iJ With P-£J 
0.025 0.029 
0.056 0.063 
0.086 0.095 
0.114 0.120 
0.144 0.139 
0.166 0.150 
0.183 0.169 
0.199 0.199 
0.208 0.226 
0.215 0.243 
0.224 0.251 
0.229 0.255 
Centre spall beam rotations 
(rad) 
0.0084 
0.0093 
0.0075 
0.0073 
0.0073 
0.0075 
0.0111 
0.0096 
0.0063 
0.0031 
0.0008 
0.0003 
12B16131011T 
12 
10 
4 
2 
O~~~~~~~~~ 
0.000 0.200 0.400 0.600 
Displacement (m) 
-Jr-w/o PO -><-w PO 
Maximum displacemellts 
(111) 
Without P-iJ With P-£J 
0.023 0.027 
0.054 0.061 
0.086 0.094 
0.116 0.120 
0.146 0.139 
0.168 0.151 
0.185 0.169 
0.200 0.199 
0.209 0.226 
0.215 0.242 
0.223 0.250 
0.230 0.256 
Celltre spall beam rotations 
(rad) 
0.0077 
0.0093 
0.0075 
0.0075 
0.0072 
0.0072 
0.0114 
0.0102 
0.0063 
0.0031 
0.0009 
0.0002 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4 Above 
5 Below 
5 Above 
6 Below 
6Above 
7 Below 
7 Above 
8 Below 
8 Above 
9 Below 
9Above 
10 Below 
IOAbove 
11 Below 
11 Above 
12 Below 
B-196 
Record "Tabas 2" 
12B/6/EIT 
Illterior COlUlII1l rotation 
(rad) 
0.0054 
12B/6/31011T 
Illterior colullln rotatioll 
(rad) 
0.0049 
0.0007 
0.0013 
0.0011 
0.0009 
0.0011 
0.0010 
0.0011 
0.0009 
0.0010 
0.0008 
0.0009 
0.0014 
0.0010 
0.0010 
0.0010 
0.0008 
0.0012 
0.0009 
0.0010 
0.0006 
0.0009 
0.0008 
0.0036 
B-197 
B.4 Four storey building 
Table B-25 Result comparison between models 4/6/ErT, 4/6/310lrT and 4/6/1170rT for Modified EI Centro NS ground 
acceleration record 
Record "Modified El Centro NS" 
4/61E/T 4/6/3101/T 4/6/1170/T 
IIIaximum base shear Maximum base shear MaxilllulII base shear 
(kN) (kN) (kN) 
W/oP-iJ. 1001.5 959.7 926.7 
Witlt P-,1 1180.8 1056.6 981.5 
4 
" 
4 ox 4 . 
3 K 3 M 3 • x 
$ Q; Q; Q; 
-a ~ 2 AX P '" ~ 2 • x 
~ 
... 
-J -J -J 
,c: 
'" ~
~ 1 • x 1 AX 1 AX 
..::; 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• w/o PO x wpd • w/o PO x wpd A w/o PO x w pd 
Maximum inter-storey drifts MaximulII inter-storey drifts MaximulII inter-storey drifts 
(% of storey Iteigltt) (% of storey height) (% o/storey height) 
Storey Wit/lOut P-iJ. With P-iJ. Withollt P-iJ. Witlt P-,1 IYithollt P-,1 With P-iJ. 
1 1.72 1.89 1.40 1.53 1.17 1.28 
2 1.67 1.76 1.61 1.67 1.82 2.03 
3 1.47 1.47 1.63 1.66 1.74 1.94 
4 1.01 0.99 1.32 1.41 1.14 1.13 
4 4 4 
3 3 3 
.l:J 
5 
~ Q; ~ 2 ~ 2 
~ ~ 2 '" " .., .., .., ~ ~ 
::: 
::: 
::: 1 1 1 .~ 
~ 
0 0 0 
0.000 0.100 0.200 0.300 0.000 0.100 0.200 0.300 0.000 0.100 0.200 
Displacement (m) Displacement (m) Displacement (m) 
0.30e 
----w/o PO -><-wPD -;,,-w/oPD -><-wPD -+-w/o PD -><-w PD 
Level 
1 
2 
3 
4 
Level 
I 
2 
3 
4 
G.L. 
I Below 
1 Above 
2 Below 
2 Above 
3 BelolV 
3 Above 
4 Below 
416/E1T 
Maximum displacemellts 
Withollt P-LJ. 
0.058 
0.115 
0.160 
0.192 
(m) 
With P-.d 
0.064 
0.124 
0.169 
0.198 
Celltre spall beam rotatiolls 
(rad) 
0.0164 
0.0143 
0.0114 
0.0052 
Illterior COllllfl1l rotatioll 
(rad) 
0.0139 
B-198 
Record "Modified EI Celltro NS" 
41613IOIIT 
Maximum displacemell/s 
Without P-.d 
0.048 
0.101 
0.155 
0.200 
(m) 
With P-LJ. 
0.052 
0.109 
0.162 
0.206 
Celltre Spall beam rotatiolls 
(rad) 
0.0135 
0.0152 
0.0150 
0.0002 
Illterior COlll1l1l! rotatioll 
(rad) 
0.0107 
0.0010 
0.0014 
0.0012 
0.0010 
0.0011 
0.0012 
0.0116 
416111701T 
JvJaxiItll11lJ displacemellts 
Wit/lOut P-.d 
0.040 
0.102 
0.160 
0.199 
(/11) 
WithP-LJ. 
0.044 
0.113 
0.178 
0.212 
Celltre spall beam rotatiolls 
(rad) 
0.0109 
0.0181 
0.0119 
0.0002 
Interior coillmll rotatioll 
(rad) 
0.0088 
0.0010 
0.0076 
0.0022 
0.0020 
0.0069 
0.0029 
0.0093 
Table B-26 Result comparison between models 4/6/Err, 4/6/3101rr and 4/6/1170rr for Modified EI Centro EW ground 
acceleration record 
Record "Modified El Celltro EW" 
416/E1T 41613IOIIT 4161II701T 
Maximum base sltear Maximllm base shear Maximum base shear 
(kN) (kN) (kN) 
WloP-LJ. 1201.1 1113.0 1031.2 
Witlt P-LJ. 1512.5 1327.3 1460.7 
4 • x 4 . x 4 AX 
3 AX 3 . X 3 • x 
$ ;; ;; Q; {; iii 2 • x iii 2 . x ii;2 . x 
~ -J .... .... 
... 
~ 
'" .!. 
~ 1 
..:; . x 1 . x 1 A " 
a a a 
a 1 2 3 4 a 1 2 3 4 a 1 2 3 4 5 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• wlo PD xwpd • wlo PD x wpd • wlo PD xwpd 
Storey 
1 
2 
3 
4 
.tl 
~ 
~ 
<.J 
.!i! 
Bl< 
~ 
is j 
Level 
I 
2 
3 
" Level 
1 
2 
3 
4 
G.L. 
1 Below 
I Above 
2 Below 
2Above 
3 Below 
3 Above 
4 Below 
B-199 
Record "Modified El Centro EW" 
4/6/£/1' 
MaximulII illter-storey drifts 
(% of storey height) 
Without P-iJ With P-iJ 
2.77 3.26 
2.70 3.01 
2.06 2.24 
1.39 1.73 
3 
Qj 
~ 2 
-J 
O-~~~~+--~~~---j 
0.000 0.200 0.400 
Displacement (m) 
-<r-w/o PO -><-wPO 
MaximulII displacemellts 
(III) 
Without P-iJ With P-iJ 
0.094 0.111 
0.186 0.213 
0.256 0.286 
0.296 0.329 
Centre spall beam rotatiolls 
(rad) 
0.0306 
0.0249 
0.0186 
0.0133 
Illterior column rotatioll (rad) 
0.0248 
4/613101/1' 
Maximum illter-storey drifts 
(% afstorey height) 
Without P-iJ With P-iJ 
2.63 3.19 
2.60 3.12 
2.30 2.87 
1.36 1.80 
4 
3 
~2 
<l) 
-J 
O_~~~~+--~~~--I 
0.000 0.200 OAOO 
Displacement (m) 
-<r-w/o PO -->c-wPO 
MaximulII displacemellts 
(m) 
Without P-iJ Witlt P-iJ 
0.089 0.109 
0.178 0.214 
0.253 0.309 
0.297 0.359 
Centre spall beam rotatiolls 
(rad) 
0.0303 
0.0294 
0.0179 
0.0002 
Interior columll rotatioll (rad) 
0.0243 
0.0014 
0.0014 
0.0016 
0.0011 
0.0122 
0.0023 
0.0160 
4/6/1170/1' 
Maximum illter-storey drifts 
(% of storey height) 
Without P-iJ With P-iJ 
2.84 4.54 
2.85 4.56 
1.96 2.35 
0.84 1.06 
~ 2 
<l) 
-J 
O_~~~~f-~~~---j 
0.000 0.250 
Displacement(m) 
-*-w/o PO -->c-wPD 
Maximum displacements 
(m) 
Without P-LI With P-iJ 
0.097 0.154 
0.194 0.309 
0.259 0.388 
0.282 0.420 
Celltre spall beam rotatiolls 
(rad) 
0.0300 
0.0209 
0.0104 
0.0002 
Illterior columll rotatioll (rad) 
0.0363 
0.0135 
0.0170 
0,0227 
0.0033 
0.0118 
0.0010 
0,0093 
B-200 
Table B-27 Result comparison between models 4/6fErr, 4/6/3101rr and 4/6/11701T for Modified TAFT 1 ground 
acceleration record 
Record "Modified TAFT]" 
416/E1T 41613]0]1T 4161]17017' 
Ma;'CimulIl base shear JVlaximulII base shear JVlaxilllUIIl base shear 
(kN) (kN) (kN) 
Wlo P-iJ 1041.6 1068.1 1004.1 
With P-iJ 1183.4 1150.5 1084.1 
4 
"" 
4 ,. 4 XA 
3 
" 
3 >< 3 AX 
g, Oi Oi Oi {; iU 2 A X iU 2 AX ~ 2 A X 
~ 
... 
.... .... .... 
,';i 
'" .!. 
~ 1 AX 1 AX 1 AX 
..:; 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A wlo PO X wpd • wlo PO X wpd • wlo PO X wpd 
MaximuIII inter-storey drifts Max:imllIn inter-storey drifts MaximulIl inter-storey drifts 
(% of storey height) (% of storey height) (% of storey height) 
Storey Without P-iJ With P-iJ Without P-iJ With P-iJ Without P-.d With P-LJ 
1 1.52 1.65 1.37 1.45 1.26 1.39 
2 1.49 1.64 1.40 1.51 1.57 1.98 
3 1.29 1.26 1.46 1.50 1.53 1.64 
4 0.99 0.90 1.54 1.49 1.17 1.05 
4 4 4 
3 3 3 
~ 
~ 
~ ~ 2 ~2 'ii <:.J ~ 2 
oS '" '" ~ .... .... 
-I 
~ 
::: 
::I 1 1 1 ~ 
0 0 a 
0.000 0.100 0.200 0.000 0.100 0.200 0.000 0.100 0.200 
Displacement (m) Displacement (m) Displacement (m) 
-r-wlo PO -><-wPD __ wloPD -><-w PO ..--wlo PO -><-wPO 
0.30 
Level 
1 
2 
3 
4 
Level 
1 
2 
3 
4 
4161E/l 
MaximulII displacemellts 
Without P-L1 
0.052 
0.101 
0.140 
0.161 
(11/) 
With P-L1 
0.056 
0.111 
0.153 
0.177 
Celltre spall beam rotatiolls 
(rad) 
0.0157 
0.0135 
0.0105 
0.0088 
B-201 
Record "Modified TAFTl" 
41613l0llT 
MaximulII displacemellts 
Without P-L1 
0.047 
0.094 
0.137 
0.170 
(111) 
With P-L1 
0.049 
0.098 
0.142 
0.178 
Celltre spall bealll rotatiolls 
(rad) 
0.0122 
0.0133 
0.0146 
0.0002 
41611170/l 
Maximum displacemellts 
Without P-L1 
0.043 
0.096 
0.142 
0.169 
(m) 
Witl! P-L1 
0.047 
0.112 
0.167 
0.201 
Centre spall beam rotatio1ls 
(rad) 
0.0113 
0.0149 
0.0096 
0.0002 
Interior COIIlI/III rotation (rad) Illterior columll rotatioll (rad) Illterior COIUIIIII rotatioll (rad) 
G.L. 
1 BelolV 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
0.0123 0.0110 
0.0012 
0.0014 
0.0013 
0.0013 
0.0016 
0.0013 
0.0131 
0.0096 
0.0015 
0.0065 
0.0047 
0.0017 
0.0069 
0.0023 
0.0082 
Table B-28 Result comparison between models 4/6/Err, 4/6/3101rr and 4/6/1170rr for Modified TAFf 2 ground 
acceleration record 
Record "Modified TAFT2" 
4161EI1' 4161310111' 4161117011' 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (leN) 
W/o P-fJ 1026.5 1050.4 953.7 
With P-fJ 1242.3 1099.5 1085.8 
4 x A 4 XA 4 
" 
3 x. 3 XA 3 AX 
i:l ~ Q; Qj Qj ~ ~ 2 ,. ~ 2 
" 
~ 2 A X 
~ .... .... .... 
... 
<:> 
1:; 
.:.. ~ 1 u 1 ~ 1 
" 0.5 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
• w/o PO xwpd • w/o PO xwpd • w/o PO x wpd 
3 
Storey 
I 
2 
3 
4 
.tJ 
~ 
:: 
'" <.J 
..s 
~ ~ 
:: 
:: 
.s 
.g 
"'" 
Level 
I 
2 
3 
4 
Level 
I 
2 
3 
4 
G.L. 
I Below 
I Above 
2 Below 
2 Above 
3 Below 
3 AbOl'e 
4 Below 
B-202 
Record "Modified TAFT2" 
4161EIT 
Maximu/Il illter-storey drifts 
(% a/storey height) 
Without P-Ll With P-Ll 
2.29 2.32 
2.24 2.19 
1.84 1.67 
1.26 1.09 
4 
3 
Q; 
it 2 
.... 
Oh~~-I-~~-,-j~~-rl 
0.000 0.100 0.200 0.300 
Displacement (m) 
--k-w/o PO ->+-wPO 
lIJll.x:imu/Il displacements 
(m) 
Wit/lOut P-iJ With P-Ll 
0.078 
0.154 
0.214 
0.253 
0.079 
0.154 
0.209 
0.244 
Centre spall bealll rotatiolls 
(rad) 
0.0212 
0.0179 
0.0129 
0.0061 
Interior columJl rotatioll (rad) 
0.0180 
416131011T 
MIl.;'Cimu/Il illter-storey drifts 
(% 0/ storey height) 
Withoul P-Ll With P-Ll 
1.89 1.87 
2.09 2.12 
2.18 2.11 
1.81 1.66 
4 
3 
~2 
OJ 
.... 
Oh~~-I-~~-,-j~~-.--1 
0.000 0.100 0.200 0.300 
Displacement (m) 
--k-w/o PO -H-WPO 
lIJaxilllll1ll displacemellts 
(m) 
Withollt P-iJ With P-iJ 
0.064 
0.135 
0.205 
0.263 
0.064 
0.136 
0.208 
0.264 
Centre spall beam rotatiolls 
(rad) 
0.0177 
0.0200 
0.0179 
0.0002 
Interior COIUIIIII rotatioll (rad) 
0.0138 
0.0011 
0.0014 
0.0014 
0.0011 
0.0038 
0.0009 
0.0147 
416111701T 
Maximllm illter-storey drifts 
(% o/storey height) 
'Vilhoul P-Ll 
3 
1.99 
2.41 
2.16 
0.94 
WitlrP-,J 
1.97 
2.58 
2.26 
0.96 
~2 
OJ 
.... 
01h~~+--.~~+--.~,..-,-j 
0.000 0.100 0.200 o 
Displacement (m) 
--k-w/o PO -*-w PD 
Maximu/Il displacemellts 
Without P-iJ 
0.068 
0.145 
0.218 
0.248 
(m) 
With P-iJ 
0.067 
0.153 
0.230 
0.262 
Celltre spall beam rotatiollS 
(rad) 
0.0181 
0.0211 
0.0092 
0.0002 
Illterior colllllln rotatioll (rad) 
0.0149 
0.0010 
0.0073 
0.0041 
0.0020 
0.0123 
0.0007 
0.0080 
Table B-29 Result comparison between models 4/6/Err, 4/6/3101rr and 4/6/1170rr for EI Centro 1 ground acceleration 
record 
Wlo P-LI 
With P-LI 
~ {j 
~ 
... 
~ 
r 
~ 
~ 
Storey 
I 
2 
3 
4 
.tJ 
~ 
~ 
<.> 
.!:l 
E} 
~ 
is 
:::: j 
4 
3 
Cil iii 2 
..... 
4161EIT 
Maximum base shear 
(kN) 
1095.6 
1312.4 
x 
• 
x 
x 
O~-r~~~~'-~~~~ 
o 2 
Inter-storey drift (%) 
• w/o PO x wpd 
MaximulII i/lter-storey drifts 
(% of storey height) 
Without P-iJ With P-iJ 
1.94 2.25 
1.80 2.17 
lAO 1.94 
1.21 1.76 
3 
~ 2 
III 
..... 
O~-r~~~~~~~~ 
3 
0.000 0.100 0.200 0.300 
Displacement (m) 
--«-wlo PO --l+-W PO 
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Record "El Centro 1" 
3 
Cil 
416131011T 
Maximum base shear 
(kN) 
1058.1 
1251.5 
P 
..... 
o 
Inter-storey drift (%) 
A wlo PO x wpd 
Jllaxilllullt illter-storey drifts 
(% of storey height) 
Without P-iJ With P-iJ 
1.71 2.16 
1.67 2.11 
1.59 2.37 
1.63 2.22 
4 
3 
~2 
" ... 
0~~~~~..,-r+-,-,~.,..-1 
3 
0.000 0.100 0.200 0.300 
Displacement (m) 
-I.-wlo PO -><-w PO 
Record "Ei Centro 1" 
3 
Cil 
~ 2 
... 
416111701T 
Maximum base shear 
(kN) 
999.3 
1200.5 
• x 
2 
Inter-storey drift (%) 
A wlo PO x wpd 
Maximum illter-storey drifts 
(% 0fstorey height) 
Without P-iJ With P-iJ 
1.88 2.50 
2.04 2.88 
1.63 2.21 
1.06 1.21 
4 
3 
~2 
" ... 
O~~~-+-~~--+~~~ 
0.000 0.100 0.200 0.30 
Displacement (m) 
-Ir-wlo PO -><-w PO 
Level 
1 
2 
3 
4 
Level 
1 
2 
3 
4 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4161EiT 
Maximum displacements 
Without P-.d 
0.0660 
0.1273 
0.1728 
0.1973 
(III) 
With P-.d 
0.076 
0.147 
0.207 
0.261 
Celltre spall beam rotations 
(rad) 
0.0203 
0.0184 
0.0182 
0.0133 
Illterior COIUIIIIl rotatioll (rad) 
0.0170 
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41613101iT 
Maximu/1l displacements 
Without P-.d 
0.058 
0.115 
0.163 
0.196 
(m) 
With P-.d 
0.073 
0.144 
0.218 
0.293 
Centre spall beam rotations 
(rad) 
0.0194 
0.0202 
0.0211 
0.0002 
Illterior colulII/! rotatioll (rad) 
0.0162 
0.0013 
0.0012 
0.0015 
0.0014 
0.0043 
0.0024 
0.0201 
41611170iT 
Maximum displacements 
Withollt P-.d 
0.064 
0.130 
0.180 
0.200 
(m) 
With p-t1 
0.085 
0.177 
0.252 
0.293 
Celltre spall beam rotatiolls 
(rad) 
0.0213 
0.0178 
0.0117 
0.0002 
111terior columll rotatioll (rad) 
0.0189 
0.0032 
0.0080 
0.0102 
0.0035 
0.0103 
0.0008 
0.0104 
Table B-30 Result comparison between models 4/6/Err, 4/6/3101IT and 4/6/11701T for EI Centro 2 ground acceleration 
record 
Record "El Celltro 2" 
416/E11' 4161310111' 4/6/117011' 
Maxilllum base shear Maximum base shear Maximum base shear 
(kN) (kN) (leN) 
WloP-.d 917.3 937.0 923.5 
Witlt P-t1 1021.0 984.5 956.2 
4 AX 4 AX 4 AX 
3 AI. 3 AX 3 • x 
,l:l S. a; a; {; a; ~2 AX 1;; 2 AX 1;; 2 • x ~ -.J .... -J 
... 
~ ~ 
~ 1 AX 1 AX 1 • 
..:; 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A wla PO x wpd • wla PD xwpd • wla PD xwpd 
3 
Storey 
1 
2 
3 
4 
~ 
~ 
:: 
'" <J 
oS 
~ ~ 
~ 
:::t 
.5 
~ 
Level 
1 
2 
3 
4 
Level 
1 
2 
3 
4 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3Above 
4 Below 
416/E/T 
MaximulII inter-storey drifts 
(% o/storey height) 
Without P-IJ WithP-IJ 
1.06 1.15 
1.11 1.18 
1.02 1.06 
0.60 0.64 
4 
3 
~ 2 
II) 
.... 
o~~~~~~~~~ 
0.000 0.050 0.100 0.150 
Displacement (m) 
--I<-w/o PO ---wPD 
Maximum displacements 
(m) 
Without P-LI With P-LI 
0.036 0.039 
0.074 0.079 
0.102 0.110 
0.119 0.126 
Centre span beam rotations 
(rad) 
0.0091 
0.0095 
0.0074 
0.0019 
Illterior column rotatiolt (rad) 
0.0077 
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Record "EI Centro 2" 
41613101/T 
Maximum inter-storey drifts 
(% o/storey height) 
Without P-IJ With P-IJ 
0.73 0.79 
1.01 1.09 
1.11 1.21 
1.00 1.07 
§! 2 
II) 
..... 
0.000 0.050 0.100 0.150 
Displacement (m) 
-.<-w/oPD -++-wPD 
Maximum displacements 
(111) 
Without P-IJ With P-IJ 
0.027 
0.064 
0.104 
0.135 
0.025 
0.059 
0.095 
0.125 
Centre span beam rotations 
(rad) 
0.0066 
0.0094 
0.0103 
0.0002 
Interior colullln rotation (rad) 
0.0046 
0.0010 
0.0014 
0.0012 
0.0010 
0.0010 
0.0009 
0.0093 
4161J170/T 
MaximuIII inter-storey drifts 
(% o/storey height) 
With Oil! P-IJ With P-IJ 
0.63 0.61 
1.19 1.47 
1.27 1.54 
0.77 0.87 
4 
3 
~ 2 
OJ 
.... 
o+-~~~~~~~~ 
0.000 0.100 o. 
Displacement (m) 
__ wloPD 
-><-w PO 
Maximum displacemellls 
(m) 
Wit/Wilt P-IJ Witlt P-LI 
0.021 
0.061 
0.103 
0.129 
0.021 
0.071 
0.123 
0.152 
Centre span beam rotations 
(rad) 
0.0042 
0.0132 
0.0094 
0.0002 
Interior colullln rotation (rad) 
0.0034 
0.0010 
0.0073 
0.0014 
0.0016 
0.0051 
0.0019 
0.0065 
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Table B-31 Result comparison between models 4/6/Eff, 4/6/3101ff and 4/6/11701T for Tabas 1 ground acceleration record 
Record "Tab as 1" 
4161En 41613101n 41611l70n 
Maximum base shear Maximum base shear Maxil1lul1l base shear 
(leN) (leN) (leN) 
Wlo P-A 1152.6 1045.4 960.0 
With P-A 1350.0 1184.1 1079.3 
4 
" 
4 )<A 4 Xl. 
3 
" 
3 
'" 
3 ~ 
.l:; S Qi Qi Qi ~ P AX P AX ~ 2 AX 
~ .... .... .... 
... 
<:> 
.... 
'" .!..
~ 
~ 
1 • x 1 AX 1 AX 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
A wlo PO X wpd "w/o PO x wpd A w/o PO x w pd 
lVJaximum illter-slorey drifts lVJaxilllum illter-storey drifts Ma.'CimulII illter-storey drllts 
(% 0fstorey height) (% of storey height) (% 0fstorey height) 
Storey Without P-iJ With P-iJ Without P-Ll Witlt P-iJ Without P-Ll With P-IJ 
1 1.96 2.16 1.82 1.97 1.74 1.89 
2 1.89 1.98 1.80 1.88 2.04 2.19 
3 1.39 1.42 1.60 1.66 1.60 1.60 
4 0.80 0.81 0.97 0.91 0.73 0.65 
4 
ff 
4 4 'f 
3 3 3 
.l:; 
~ 
=: 
'" l2 Qi Qi <J ~ 2 ~ 2 
.!:! '" 5;< .... .... .... 
~ 
~ 
:: 1 1 1 
.s 
~ 
0 0 0 
0.000 0.100 0.200 0.300 0.000 0.100 0.200 0.300 0.000 0.100 0.200 0.30( 
Displacement (m) Displacement (m) Displacement (m) 
-k--w/o PO -»-wPO ......... w/o PO ""*-W PO __ w/o PO --><--wPO 
Level 
I 
2 
3 
4 
Level 
1 
2 
3 
4 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4161EiI' 
Maximum displacemellts 
(m) 
Witholll P-iJ 
0.067 
0.131 
0.175 
0.193 
With P-iJ 
0.073 
0.141 
0.183 
0.199 
Celltre spall beam rotatiolls 
(rad) 
0.0192 
0.0149 
0.0096 
0.0043 
Interior colum1l rotatio1l (rad) 
0.0158 
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Record "Tabas I" 
41613IOIiI' 
Maximum displacemellts 
(m) 
With 0111 P-iJ 
0.062 
0.123 
0.171 
0.202 
With P-iJ 
0.067 
0.131 
0.179 
0.209 
Celltre spall beam rotatiolls 
(rad) 
0.0176 
0.0154 
0.0094 
0.0002 
I1Iterior colUIn1l rotatioll (rad) 
0.0143 
0.0012 
0.0015 
0.0015 
0.0013 
0.0054 
0.0009 
0.0078 
41611170iI' 
Maximum displacemellts 
WitllOlIl P-iJ 
0.059 
0.129 
0.181 
0.195 
(11/) 
With P-il 
0.064 
0.139 
0.191 
0.203 
Celltre spall beam rotations 
(rad) 
0.0159 
0.0156 
0.0049 
0.0002 
Illterior COlUIII1I rotatioll (rad) 
0.0137 
0.0016 
0.0056 
0.0054 
0.0020 
0.0105 
0.0011 
0.0055 
Table B-32 Result comparison between models 4/6/EfT, 4/6/3101fT and 4/6/1170fT for Tabas 2 ground acceleration record 
Record "Tabas 2" 
4161EiI' 41613IOIiI' 4161II70iI' 
Maximum base shear Maximum base shear Maximum base shear 
(kN) (kN) (kN) 
Wlo P-L\ 1077.1 950.7 930.1 
With P-L\ 1145.2 1046.2 1012.5 
4 ~ 4 ,. 4 Xl 
3 
" 
3 
'" 
3 .x 
~ Q; Q; ;; {j ~ 2 
'" P AX ~2 AX ~ -I .... .... 
... 
.a 
'i' 
Si 1 AX 1 AX 1 AX ~ 
0 0 0 
0 1 2 3 0 1 2 3 0 1 2 
Inter-storey drift (%) Inter-storey drift (%) Inter-storey drift (%) 
.. wlo PO X wpd AwloPO X wpd A wlo PO x wpd 
Storey 
1 
2 
3 
4 
~ 
~ 
~ 
<.J 
.!:! 
~ ~ 
::: 
::! 
.5 
~ 
Level 
1 
2 
3 
4 
Level 
1 
2 
3 
4 
G.L. 
1 Below 
1 Above 
2 Below 
2 Above 
3 Below 
3 Above 
4 Below 
4161EI1' 
Maximum inter-storey drifts 
(% 0/ storey heiglrt) 
Without P-LI With P-LI 
1.29 1.37 
1.20 1.26 
0.90 0.91 
0.66 0.64 
4 
3 
~ 2 
<!I 
... 
Oh~~-+-~~r+~~rl 
0.000 0.050 0.100 0.150 
Displacement (m) 
--Ir-w/o PO ___ wPO 
Maximum displacements 
(m) 
Without P-LI With P-LJ 
0.044 0.047 
0.085 0.089 
0.112 0.119 
0.127 0.135 
Centre span beam rotations 
(rad) 
0.0110 
0.0086 
0.0060 
0.0021 
Interior column rotation (rad) 
0.0098 
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Record "Tabas 2" 
4161310111' 
Maxilllum inter-storey drifts 
(% o/storey heigltt) 
Without P-LI With P-LI 
1.02 1.13 
1.22 1.31 
1.06 1.13 
0.93 0.89 
4 
3 
~ 2 
<!I 
... 
o~~~~~~~~~ 
0.000 0.050 0.100 0.150 
Displacement (m) 
-4-w/o PO 
---wPO 
MaximulII displacemellls 
(m) 
Without P-LI With P-LI 
0.035 0.038 
0.075 0.080 
0.110 0.119 
0.134 0.145 
Centre span beam rotations 
(rad) 
0.0090 
0.0103 
0.0075 
0.0002 
Illterior columlt rotation (rad) 
0.0075 
0.0011 
0.0014 
0.0012 
0.0014 
0.0022 
0.0014 
0.0078 
4161117011' 
MaximulII inter-storey drifts 
(% o/storey height) 
Without P-LI 
0.94 
1.23 
1.16 
0.76 
With P-LJ 
1.10 
1.37 
1.23 
0.70 
~ 2 
Ql 
... 
0.000 0.050 0.100 0.150 
Displacement (m) 
-+-w/o PO -->+-wPD 
MaximulII displacements 
(/II) 
Wi/hout P-iJ With P-iJ 
0.032 0.038 
0.074 0.084 
0.112 0.126 
0.130 0.142 
Celltre spall bealll rotations 
(rad) 
0.0088 
0.0103 
0.0056 
0.0002 
Illterior colulIIl/ rotatioll (md) 
0.0074 
0.0010 
0.0029 
0.0022 
0.0026 
0.0051 
0.0013 
0.0059 
."..--
I 
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APPENDIX C. DAMPING FORCES 
Table C.l shows the maximum base shear and the maximum of the sum of the damping forces 
at all nodes of stmctures 6/6/31 OlIT, 12S/6/3l01lT, 12B/6/31 OlIT and 4/6/31 OlIT respectively, for 
the non-linear time-history analyses using the modified ground acceleration record El Centro EW 
with P-delta effects. The damping for all structures was modelled as a constant 5% damping in all 
the vibration modes. The maximum damping forces are of the order of 70% of the maximum base 
shear for structures 6/6/310l/T and 4/6/3101IT and around 95% for structures 12A16/310llT and 
12B/6/310 liT. 
Table C-l Maximum base shear and maximum damping forces from non-linear time-history analyses when using the 
modified ground acceleration record El Centro EW 
Maximum Damping 
Strllcture Base Shear forces 
(kN) (feN) 
6161310111' 1910 1421 
12A16131011T 2430 2227 
12B16131011T 2110 2080 
416131011T 1330 942 
Figures C.1 to C.5 show on the first graph of each figure, the base shear and sum of the 
damping forces at each node for the non-linear time-history analyses using the modified ground 
acceleration record El Centro EW with P-delta effects for structures 6/6/3101IT, 12S/6/31011T, 
12B/6/3101IT and 4/6/3101IT respectively. It can be seen that at the time when a peak on the base 
shear appears, the damping forces tend to zero. This effect occurs because damping was modelled as 
viscous and hence it is velocity dependant. The second graph shows the base shear and the subtraction 
of the base shear and damping forces. To get clearer graphics, only the first ten seconds of each graph 
, 
are plotted but the entire records were run. The maximum values when the damping forces are 
subtracted from the base shears are 3088 kN, 4388 kN, 4003 kN and 2218 leN for structures 6/6/3101IT, 
12S/6/3101IT, 12B/6/3101lT and 4/6/3101/T respectively. These values show how important the 
damping forces are to the analyses and the great effect they have to the base shear. 
At the time there still exists the uncertainty of how damping works in structures subject to 
dynamic effects and of the nature of its source. Further studies are needed in this area to verify the 
damping in structures and get a more accurate way to represent it in analytical models. 
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6/6/310llT 
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Figure C-1 Base shear and damping forces of structure 6/6/31 0 liT using the ground acceleration record El Centro EW 
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Figure C-2 Base shear and damping forces of structure 12A16/3JOJIT using the ground acceleration record EI Centro EW 
l2B/6/3101/T 
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Figure C-3 Base shear and damping forces of structure 12B/6/3101IT using the ground acceleration record EI Centro EW 
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Figure C-4 Base shear and damping forces of structure 4/6/3101IT using the ground acceleration record EI Centro EW 
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APPENDIX D. DISPLACEMENT RESPONSE SPECTRA 
Figure D.l and D.2 show the elastic displacement response spectra for the modified and the 
natural ground acceleration records respectively used in tIlls work. These spectra correspond to a 5% 
damping and are scaled to a zone factor of 1.2 from the NZS 4203: 1992 (Standards New Zealand 1992). 
The natural records are scaled according to the scale factor k1 defmed for the 6 storey building. 
0.50 
0.45 
0040 
0.35 
:[ 0.30 
C 
<lJ 
~ 0.25 
o 
to 
Ci. B 0.20 
0.15 
0.10 
0.05 
4 storey structure 
f 6 storey structure 
12 storey B structure 
12 storey A structure 
~ 
o.oo+-~~~----+-~~~----+-~~~~--~----~~--~~--~~~--~--~~~ 
o 0.5 1.5 
Period (Sec) 
2 2.5 3 
--- M. EI C. NS ..... M. EIC. EW --M. TAFT2 
Figure D-l Elastic displacement response spectra from modified ground acceleration records 
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.!l! 
0. is 0.20 
0.15 
0.10 
0.05 
0.00 
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0 0.5 
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1.5 
Period (Sec) 
-'-'Tabas 1 
.;... .. :::.;...:.:..,-
J 12 storey B struclure 
2 2.5 
--Tabas 2 
Figure D-2 Elastic displacement response spectra from natural ground acceleration records 
3 
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From these figures, it can be seen that as expected, for elastic single degree of freedom 
structures, no significant scatter in the displacements will be obtained if the modified ground 
acceleration records are used. From the way the records are modified, the displacement response 
spectra keep increasing even for high periods where the displacement of the structure would be equal to 
the maximum ground displacement. The displacement response spectra from the natural ground 
acceleration records give an insight on why the displacements from the non-linear time-history 
analyses when using these records were scattered. As the period increases, the scatter seems to be 
greater. Figure D-3 shows the displacement response spectra of figures D.1 and D.2 plotted together. 
This figure illustrates how after a period of 1 second, the modified ground acceleration records are an 
upper bound limit for the natural records. The natural record El Centro 1 is an exception and for 
periods around 2 and 2.2 (such as those from the 12 storey A and B structures analysed in this research 
work) its ordinates are greater than those for the modified ground acceleration records. These results 
agree with those from the non-linear time-history analyses performed to the different structures 
throughout this work shuctures. 
0.40 
6 storey structure 
0.35 
0.30 
4 slorey slruclure 
I 0.25 
C 
Q) 
~ 0.20 
u 
<1l 
C. 
<f> 
is 0.15 
0.10 
12 storey B struc re 
:J 
12 slorey A struclure 
0.05 
0.00 
0 0.5 1.5 2 2.5 
Period (Sec) 
-EIC1 --EIC2 -'---"Tabas1 --Tabas2 - - -M.ELCNS - - M.ELCEW -'-'MTAFT1 ..... MTAFT2 
Figure D-3 Elastic displacement response spectra for the eight ground acceleration records 
To get a better insight of why such a great scatter in the results of the time-history non-linear 
analysis was obtained when using the modified ground acceleration records, the inelastic displacement 
and acceleration response spectra for these records was obtained. Figure DA shows the response 
spectra from NZS 4203:1992 (Standards New Zealand 1992) for intermediate soils with a zone factor 
of 1 and the corresponding reduced response spectra for a ductility of 6. It also shows the inelastic 
acceleration response spectra for the modified ground acceleration records for a ductility of 6 and a 
Takeda hysteretic rule as defined for the columns of the structures analysed in the main body of this 
work. All the acceleration response spectra coming from the modified ground acceleration records are 
above the inelastic design response spectra defmed by the Loadings Standard for a ductility of 6 
D-213 
(Standards New Zealand 1992). The response when these records are used would be overestimated for 
structures with short periods. Figure D.S shows that even for single degree of freedom structures the 
maximum displacements obtained when using the modified ground acceleration records would have a 
large scatter. The tendency sought throughout this work that the modified El Centro EW ground 
acceleration record gives the most critical response is confirmed in this figure. The three other records 
seem to have a small scatter in the periods close to those from the 4 storey and 6 storey structures but a 
greater scatter in the periods close to the two twelve storey structures. 
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Figure D-4 Inelastic acceleration response spectra for modified ground acceleration records 
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Figure D-S Inelastic displacement response spectra for modified ground acceleration records 
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APPENDIX E. COMPARISSON BETWEEN REDISTRIBUTED NOMINAL 
STRENGTHS OF BEAMS WHEN USING A MODAL OR AN EQUIVALENT STATIC 
ANALYSIS 
A comparison is made between the beam redistributed nominal moments at colunm face 
coming from a modal analysis or an equivalent static analysis. In Tables E.1 through EA, the 
redistributed nominal moment fi:om the modal and equivalent static analyses for each level is given and 
then a ratio between these two values. On colunm 5 of each table, a ratio of the beam nominal moments 
at column face fi:om earthquake alone between the modal values and the equivalent static values IS 
given. Column 6 shows the same ratio but for P-delta actions. 
From these tables, it can be seen that the difference between beam design moments when 
designing with an equivalent static or a modal analysis can be from 15% for the four storey structure. 
The difference between the two methods at any level increases with height in the building. For the six 
and twelve storey structures, the difference is on the order of 20% in the mid-height region of the 
structure. The difference in the calculation of P-delta forces after calculating the maximum 
displacements using a modal or an equivalent static analysis is not as marked in the lower levels of the 
stmctures where P-delta actions have the greater significance. The greatest difference arises when 
obtaining design forces from earthquake lateral loading giving approximately a 20% increase for all 
structures when designing through an equivalent static analysis. 
Table E-l Four storey structure 
Stalic / Modal 
Static/ Modal 
Modal Equivalellt static 
Level Static / Modal 
(kNIII) (kNm) 
(For earthquake 
(For P-delta 
illduced forces 
illducedforces ollly) 
ollly) 
1 345.5 385.4 ].]2 1.16 1.00 
2 303.8 351.2 ].]6 ].20 1.03 
3 2]5.0 236.8 1.10 1.20 1.07 
4 92.3 106.2 1.]5 1.16 1.10 
Table E-2 Six storey structure 
Static / Modal 
Static / Modal 
Modal Equivalellt static 
Level Static / /'vI odal 
(kNIII) (kNIIl) 
(For earthquake 
(For P-delta 
illduced forces 
illduced forces ollly) 
ollly) 
1 464.3 53].2 ].14 1.19 ].03 
2 452.3 536.6 1.]9 1.24 1.G7 
3 372.4 453.5 ].22 1.25 ].]2 
4 286.2 345.6 1.2] ].22 1.16 
5 192.8 226.3 1.17 1.17 ].20 
6 89.0 101.0 1.13 1.13 1.24 
E-215 
Table E-3 Twelve storey structure (Model A) 
Static / Modal 
Static / Modal 
Modal Equivalellt static 
Level Static / Modal 
(kNm) (kNm) 
(For earthquake 
(For P-delta 
induced forces 
illduced forces ofllJ~ 
ollly) 
1 673.2 734.9 1.09 1.15 0.99 
2 699.0 781.3 1.12 1.18 1.01 
3 647.6 744.9 1.15 1.21 1.04 
4 588.3 692.4 1.18 1.23 1.08 
5 528.5 631.3 1.19 1.23 1.11 
6 468.2 563.8 1.20 1.23 1.13 
7 407.4 491.2 1.21 1.22 1.16 
8 347.1 414.5 1.19 1.20 1.18 
9 286.8 334.5 1.17 1.17 1.21 
10 222.5 252.0 1.13 1.13 1.25 
11 149.2 168.3 1.13 1.15 1.35 
12 66.3 74.7 1.13 1.21 1.65 
Table E-4 Twelve storey structure (model B) 
Static / Modal 
Static / Modal 
(For earthquake 
(For P-delta 
illduced forces 
illducedforces ollly) 
ollly) 
Modal Equivalellt static 
Level Static / Modal 
(kNm) (kNm) 
1 632.0 677.6 1.07 1.17 0.90 
2 667.6 732.5 1.10 1.20 0.93 
3 619.4 701.8 1.13 1.23 0.96 
4 561.5 653.6 1.16 1.25 0.99 
5 509.4 603.3 1.18 1.26 1.02 
6 488.0 580.4 1.19 1.25 1.05 
7 406.9 480.0 U8 1.23 1.06 
8 369.9 431.5 1.17 1.21 1.07 
9 303.8 347.5 1.14 1.16 1.08 
10 232.8 257.8 1.11 1.11 1.10 
11 156.5 169.3 1.08 1.07 1.13 
12 73.2 78.4 1.07 1.06 1.26 
APPENDIX F. RUAUMOKO INPUT FILES 
F.1 Four Storey Structure 
FOUR STOREY, THREE BAY, CONCRETE MOMENT RESISTING FRAME 
• UNITS kN, M 
• SELF WEIGHT IS INCLUDED IN 4400 KN PER FLOOR (2200 kN PER FRAME) 
• FLEXIBILITIES ADDED AT END OF MEMBERS TO ACCOUNT FOR JOINT DEFORMATIONS 
'COLUMNS DESIGNED ACCORDING TO NZS 3101:1995 
• UNIVERSITY OF CANTERBURY 
• JOSE ANTONIO FLORES RUIZ 
20102000000 
2536 1341 39.81 5.0 5.0 0.00540 1 
a 20 20 a 1 1 1 1 5 2 a a 
10 5 0.0001 a a a 0.5 
NODES a 
1 a 0.0 1 1 1 000 
2 7 0.0 1 1 1 000 
3 14 0.0 1 1 1 000 
4 21 0.0 1 1 1 000 
5 0 3.4 000 600 
6 7 3.4 a a a 000 
7 14 3.4 a 0 a 600 
8 21 3.4 a a a 600 
9 0 6.8 000 1000 
10 7 6.8 a a 0 000 
11 14 6.8 000 1000 
1221 6.8 000 1000 
13 o 10.2 0 0 0 14 a 0 
14 7 10.2 000 000 
15 14 10.2 000 14 a 0 
16 21 10.2 000 1400 
17 o 13.6 000 1800 
18 7 13.6 000 000 
19 14 13.6 a a a 1800 
20 21 13.6 000 1800 
21 28 0.0 1 1 1 000 
22 28 3.4 a a 1 000 
23 28 6.8 a 01 000 
2428 10.2 00 1 000 
25 28 13.6 0 a 1 000 
DRIFT 
48121620 
ELEMENTS 0 
1 1 5 6 000 
2 1 6 7 000 
3 1 7 8 000 
4 2910000 
5 2 10 11 000 
6 21112 000 
7 31314000 
8 31415000 
9 31516000 
10 41718 000 
11 41819 000 
12 4 19 20 0 a a 
13 5 1 5 a a a 
14 6 5 9 0 a 0 
15 7 9 13 a a a 
16 81317 000 
17 9 2 6 a a a 
18 10 6 10 000 
19 111014 000 
20121418 000 
21 9 3 7 0 a a 
22 10 7 11 000 
23 111115 000 
24 12 15 19 000 
25 5 4 8 000 
26 6 8 12 000 
27 7 12 16 000 
28 81620000 
29 13 8 22 000 
30 131223 000 
31 131624000 
32 13 20 25 0 0 0 
33 13 21 22 000 
34 13 22 23 0 0 0 
35 132324 000 
36 13 24 25 0 a 0 
PROPS 
1 FRAME LEVEL 1 
10040000 
!BEAM LEVEL 1 
!BEAM LEVEL 2 
!BEAM LEVEL 3 
!BEAM LEVEL 4 
!EXT COL GROUND LEVEL 
liNT COL GROUND LEVEL 
liNT COL GROUND LEVEL 
!EXT COL GROUND LEVEL 
!ADDITIONAL ELEMENTS FOR P-DELTA 
2.5E7 1.04E7 0.36750.2940.0058500.31250.3125 1.0675e-6 1.0675e-6 
0.007 0.007 0.35 0.35 
1151.7 -7141.2 345.5 -345.5 345.5 -345.5 
0.350.431 2 
2 FRAME LEVEL2 
10040000 
2.5E7 1.04E7 0.3675 0.294 0.00585 0 0.3125 0.3125 1.0675e-6 1.0675e-6 
0.007 0.007 0.35 0.35 
~ 
11 , 
N 
(J) 
1012.7 -714"1.0 303.8 -303.8 303.8 -303.8 
0.350.431 2 
3 FRAME LEVEL3 
10040000 
2.5E7 1.04E7 0.3675 0.294 0.00585 0 0.3125 0.3125 1.0675e-6 1.0675e-6 
0.007 0.007 0.35 0.35 
716.7 -7140.7 215.0 -215.0 215.0 -215.0 
0.350.431 2 
4 FRAME LEVEL4 
10040000 
2.5E7 1.04E7 0.3675 0.294 0.00585 0 0.3125 0.3125 1.0675e-6 1.0675e-6 
0.007 0.007 0.35 0.35 
716.7 -7140.7215.0 -215.0 215.0 -215.0 
0.350.4312 
5 FRAME EXTCOLUMN1 
2004003 
2.5E7 1.04E7 0.3125 0.25 0.00407 0 0 0.35 0 1.7203E-6 
0.007 0.007 0.375 0.375 
-9528.8 -3738.91029.7944.8733.6425.1 1560.01 
-9048.8 -3738.9903.7818.8608.9298.91080.0 
0.230.612 
6 FRAME EXTCOL2 
2004003 
2.5E71.04E7 0.3125 0.25 0.00407 0 0.35 0.351.7203E-6 1.7203E-6 
0.007 0.007 0.375 0.375 
-9048.8 -3738.9 903.7818.8608.9298.91080.01 
-10458.8 -3738.91273.81188.9 976.1668.82490.0 
0.230.612 
7 FRAME EXTCOL3 
2004003 
2.5E7 1.04E7 0.3125 0.25 0.00407 0 0.35 0.35 1.7203E-6 1.7203E-6 
0.0070.007 0.375 0.375 
-10458.8 -3738.9 1273.8 1188.9 976.1 668.8 2490.0 1 
-6748.8 -3738.9824.9740.0530.9219.4 780.0 
0.230.612 
8 FRAME EXTCOL4 
2004003 
2.5E71.04E7 0.3125 0.25 0.00407 0 0.35 0.351.7203E-6 1.7203E-6 
0.007 0.007 0.375 0.375 
-6748.8 -3738.9824.9740.0530.9219.4 780.0 1 
-8328.8 -3738.9714.7629.8421.8107.1360.0 
0.230.612 
9 FRAME INTCOLUMN1 
2004003 
.------~ 
2.5E7 1.04E7 0.3125 0.25 0.00407 0 0 0.35 0 1.7203E-6 
0.007 0.007 0.375 0.375 
-9318.8 -3738.9 974.6 889.7 679.0 370.0 1350.0 1 
-9618.8 -3738.91053.3968.4 756.9 449.1 1650.0 
0.230.61 2 
10 FRAME INTCOLUMN2 
2004003 
2.5E7 1.04E7 0.3125 0.25 0.00407 0 0.35 0.35 1.7203E-6 1.7203E-6 
0.0070.0070.3750.375 
-9618.8 -3738.91053.3968.4 756.9 449.1 1650.01 
-11028.8 -3738.91423.41338.51124.7 818.3 3060.0 
0.230.612 
11FRAMEINTCOLUMN3 
2004003 
2.5E7 1.04E7 0.3125 025 0.00407 0 0.35 0.35 1.7203E-6 1.7203E-6 
0.0070.007 0.375 0.375 
-11028.8 -3738.91423.41338.51124.7818.33060.01 
-9048.8 -3738.9 903.7 818.8 608.9 298.9 1080.0 
0.230.612 
12 FRAME INTCOLUMN4 
2004003 
2.5E7 1.04E7 0.3125 0.25 0.00407 0 0.35 0.351.7203E-6 1.7203E-6 
0.007 0.007 0.375 0.375 
-9048.8 -3738.9 903.7 818.8 608.9298.91080.01 
-8478.8 -3738.9 754.1 669.2 460.6 147.3 510.0 
0.230.61 2 
13 FRAME ADDITIONAL4PD 
23000000 
2.5E7 1.04E7 0.405 0.3240.0061500000 
WEIGHTS 0 
1 0.0 0.0 0.0 
2 0.0 0.0 0.0 
3 0.0 0.0 0.0 
4 0.0 0.0 0.0 
5 550 0.0 0.0 
6 550 0.0 0.0 
7 550 0.0 0.0 
8 550 0.0 0.0 
9 550 0.0 0.0 
10 550 0.0 0.0 
11 550 0.0 0.0 
12 550 0.0 0.0 
13 550 0.0 0.0 
14 550 0.0 0.0 
15 550 0.0 0.0 
16 550 0.0 0.0 
11 
I 
N 
-..j 
17 550 0.0 0.0 • JOSE ANTONIO FLORES RUIZ 
18 550 0.0 0.0 
19 550 0.0 0.0 201020000 
20 550 0.0 0.0 35541961 39.81 5.05.00.005401 
21 0.0 0.0 0.0 20202001122721 
22 0.0 0.0 0.0 1050.0001000 
23 0.0 0.0 0.0 
24 0.0 0.0 0.0 NODES 0 
25 0.0 0.0 0.0 1 0.0 0.00 111 000 
2 7.0 0.00 1 1 1 000 
LOADS 3 14.0 0.00 1 1 1 000 
1 0.00 0.00 0.00 4 21.0 0.00 1 1 1 000 
2 0.00 0.00 0.00 5 0.0 3.40 000 600 
3 0.00 0.00 0.00 6 7.0 3.40 000 000 
4 0.00 0.00 0.00 7 14.0 3.40 000 600 
5 0.00 -50.06 0.00 8 21.0 3.40 000 600 
6 0.00 -80.28 0.00 9 0.0 6.80 000 1000 
7 0.00 -80.28 0.00 10 7.0 6.80 000 000 
8 0.00 -50.06 0.00 11 14.0 6.80 000 1000 
9 0.00 -50.06 0.00 12 21.0 6.80 000 1000 
10 0.00 -80.28 0.00 13 0.0 10.20 000 1400 
11 0.00 -80.28 0.00 14 7.0 10.20 000 000 
12 0.00 -50.06 0.00 15 14.0 10.20 000 1400 
13 0.00 -50.06 0.00 16 21.0 10.20 000 1400 
14 0.00 -80.28 0.00 17 0.0 13.60 000 1800 11 
15 0.00 -80.28 0.00 18 7.0 13.60 000 000 I N 
16 0.00 -50.06 0.00 19 14.0 13.60 000 1800 -'0. 
17 0.00 -40.14 0.00 20 21.0 13.60 000 1800 CO 
18 0.00 -70.37 0.00 21 0.0 17.00 000 2200 
19 0.00 -70.37 0.00 22 7.0 17.00 000 000 
20 0.00 -40.14 0.00 23 14.0 17.00 0002200 
21 0.00 0.00 0.00 24 21.0 17.00 0002200 
22 0.00 -1939.33 0.00 25 0.0 20.40 000 2600 
23 0.00 -1939.33 0.00 26 7.0 20.40 000 000 
24 0.00 -1939.33 0.00 27 14.0 20.40 000 2600 
25 0.00 -1978.98 0.00 28 21.0 20.40 000 2600 
29 28.0 0.00 1 1 1 000 
EQUAKE 1:\quake\4203ELC1.EQF 30 28.0 3.40 001 000 
310.020.833327.10001 31 28.0 6.80 001 000 
32 28.0 10.20 001 000 
33 28.0 13.60 001 000 
F.2 Six Storey Structure 34 28.0 17.00 001 000 35 28.0 20.40 001 000 
SIX STOREY. THREE BAY. CONCRETE MOMENT RESISTING FRAME DRIFT 
4 8 12 16 20 24 28 
• UNITS KN. M 
ELEMENTS 0 
• SELF WEIGHT IS INCLUDED IN 4400 KN PER FLOOR (2200 kN PER FRAME) 
• FLEXIBIUTIES ADDED AT END OF MEMBERS TO ACCOUNT FOR JOINT DEFORMATIONS 1 1 5 8 000 !BEAMS LEVEL 1 
'COLUMNS DESIGNED ACCORDING TO NZS 3101:1995 2 1 6 7 000 
• UNIVERSITY OF CANTERBURY 3 7 8 000 
j 
j 
1 
4 2 9 10 000 !BEAM LEVEL 2 
5 2 10 11 000 PROPS 
6 2 11 12 000 1 FRAME BEAMLEV1 
7 3 13 14 000 !BEAM LEVEL 3 1004003 
8 3 14 15 000 2.5E7 1.04E7 0.43625 0.349 0.00923 0 0.3375 0.3375 7.3131E-7 7.3131E-7 
9 3 15 16 000 0.0070.0070.38750.3875 
10 4 17 18 000 !BEAM LEVEL 4 1375.7 -8894.5 464.3 -464.3 464.3 -464.3 
11 4 18 19 000 0.350.431 2 
12 4 19 20 000 
13 5 21 22 000 !BEAM LEVEL 5 2 FRAME BEAMLEV2 
14 5 2223000 1004003 
15 5 23 24 000 2.5E7 1.04E7 0.436250 0.349 0.00923 0 0.33750.33757.3131 E-7 7.3131 E-7 
16 6 2526000 I BEAM LEVEL 6 0.0070.0070.38750.3875 
17 6 26 27 000 1340.1 -8894.5 452.3 -452.3 452.3 -452.3 
18 6 2728000 0.350.43 1 2 
19 7 1 5 000 ! EXT COL LEVEL 1 
20 8 5 9 000 3 FRAME BEAMLEV3 
21 9 9 13 000 1004003 
22 10 13 17 000 2.5E7 1.04E7 0.436250 0.349 0.00923 0 0.33750.3375 7.3131E-7 7.3131E-7 
23 11 17 21 000 0.0070.0070.38750.3875 
24 12 21 25 000 1103.4 -8894.2 372.4 -372.4 372.4 -372.4 
25 13 2 6 000 liNT COL LEVEL 1 0.350.431 2 
26 14 6 10 000 
27 15 10 14 000 4 FRAME BEAMLEV4 
28 16 14 18 000 1004003 11 
29 17 18 22 000 2.5E7 1.04E7 0.436250 0.349 0.00923 0 0.3375 0.3375 7.3131E-7 7.3131E-7 I N 
30 18 2226000 0.0070.0070.38750.3875 
CO 31 13 3 7 000 liNT COL LEVEL 1 1103.4 -8894.2 372.4 -372.4 372.4 -372.4 
32 14 7 11 000 0.350.431 2 
33 15 11 15 000 
34 16 15 19 000 5 FRAME BEAMLEV5 
35 17 19 23 000 1004003 
36 18 2327000 2.5E7 1.04E7 0.436250 0.349 0.00923 0 0.3375 0.3375 7.3131 E-7 7.3131 E-7 
37 7 4 8 000 [EXT COL LEVEL 1 0.0070.0070.38750.3875 
38 8 8 12 000 1103.4 -8894.2 372.4 -372.4 372.4 -372.4 
39 9 12 16 000 0.350.431 2 
40 10 16 20 000 
41 11 20 24 000 6 FRAME BEAMLEV6 
42 12 24 28 0 0 0 1004003 
43 19 29 30 000 [ADDITIONAL ELEMENTS FOR P-DELTA 2.5E7 1.04E7 0.436250 0.349 0.00923 0 0.3375 0.3375 7.3131E-7 7.3131E-7 
44 19 30 31 000 0.0070.0070.38750.3875 
45 19 31 32 000 1103.4 -8894.2 372.4 -372.4 372.4 -372.4 
46 19 32 33 000 0.350.431 2 
47 19 33 34 000 
4819 34 35 000 
49 19 8 30 000 7 FRAME EXTGLCOLUMN 
50 19 12 31 000 20040030 
51 19 16 32 000 2.5E7 1.04E7 0.405 0.324 0.00615 0 0 0.3875 0 1.2601 E-6 
5219 20 33 000 0.007 0.007 0.3375 0.3375 
5319 24 34 000 
-12457.5 -4876.91481.11364.2 1069.6 631.22130.01 
54 19 28 35 000 -11857.5 -4876.91308.6 '1191.7 898.6 458.61530.0 
0.230.61 2 
8 FRAME EXTCOLUMNlev2 
20040030 
2.5E7 1.04E7 OA05 0.324 0.00615 0 0.3875 0.3875 1.2601 E-6 1.2601 E-6 
0.007 0.007 0.3375 0.3375 
-11857.5 -4876.9 1308.6 1191.7898.6458.6 1530.0 1 
-12157.5 -4876.91394.81278.0984.3544.71830.0 
0.230.612 
9 FRAME EXTCOLUMNlev3 
20040030 
2.5E7 1.04E7 0.405 0.324 0.00615 0 0.3875 0.38751.2601E-6 1.2601E-6 
0.0070.0070.33750.3375 
-12157.5 -4876.91394.81278.0984.3544.71830.01 
-11947.5 -4876.91334.41217.6924.2484.51620.0 
0.230.61 2 
10 FRAME EXTCOLUMNlev4 
20040030 
2.5E71.04E7 0.405 0.324 0.00615 0 0.3875 0.38751.2601E-6 1.2601E-6 
0.0070.0070.33750.3375 
-11947.5 -4876.91334.41217.6924.2484.51620.01 
-12037.5 -4876.91360.31243.5949.9510.91710.0 
0.230.612 
11 FRAME EXTCOLUMNlev5 
20040030 
2.5E71.04E7 0.405 0.324 0.00615 00.3875 0.38751.2601E-6 1.2601E-6 
0.007 0.007 0.3375 0.3375 
-12037.5 -4876.91360.31243.5949.9510.91710.01 
-11857.5 -4876.91308.61191.7898.6458.61530.0 
0.230.61 2 
12 FRAME EXTCOLUMNlev6 
20040030 
2.5E7 1.04E7 0.405 0.324 0.00615 0 0.3875 0.3875 1.2601 E-6 1.2601 E-6 
0.0070.0070.33750.3375 
-11857.5 -4876.9 1308.6 1191.7898.6458.6 1530.0 1 
-11302.5 -4876.91149.01032.2740.3298.5975.0 
0.230.612 
13 FRAME INTGLCOLUMN 
20040030 
2.5E7 1.04E7 0.405 0.3240.00615 0 0 0.3875 0 1.2601 E-6 
0.0070.0070.33750.3375 
-11737.5-4876.91274.11157.2864.3423.91410.01 
-12397.5 -4876.91463.81347.01052.8614.4 2070.0 
0.230.612 
14 FRAME INTCOLUMNlev1 
20040030 
2.5E7 1.04E7 0.405 0.324 0.00615 00.3875 0.38751.2601E-61.2601E-6 
0.007 0.007 0.3375 0.3375 
-12397.5 -4876.91463.8 '1347.0 1052.8 614.4 2070.01 
-12847.5 -4876.91593.21476.41181.5 743.5 2520.0 
0.230.61 2 
15 FRAME INTCOLUMNlev2 
20040030 
2.5E71.04E7 0.405 0.324 0.00615 00.3875 0.38751.2601E-6 1.2601E-6 
0.0070.0070.33750.3375 
-12847.5 -4876.91593.21476.41181.5 743.5 2520.01 
-12517.5 -4876.91498.31381.51087.4 648.12190.0 
0.230.612 
16 FRAME INTCOLUMNlev3 
20040030 
2.5E7 1.04E7 0.405 0.3240.0061500.38750.3875 1.2601 E-6 1.2601 E-6 
0.0070.0070.33750.3375 
-12517.5-4876.91498.31381.51087.4648.12190.01 
-12817.5 -4876.91584.61467.71173.2 734.72490.0 
0.230.61 2 
17 FRAME INTCOLUMNlev4 
20040030 
2.5E71.04E7 0.405 0.324 0.00615 00.3875 0.38751.2601E-6 1.2601E-6 
0.007 0.007 0.3375 0.3375 
-12817.5 -4876.9 1584.6 1467.7 1173.2734.72490.0 1 
-12547.5 -4876.91506.91390.1 1095.7656.72220.0 
0.230.612 
18 FRAME INTCOLUMNlev5 
20040030 
2.5E7 1.04E7 0.405 0.324 0.00615 0 0.3875 0.3875 1.2601 E-6 1.2601 E-6 
0.0070.0070.33750.3375 
-12547.5 -4876.91506.91390.11095.7656.72220.01 
-11302.5 -4876.91149.01032.2740.3298.5975.0 
0.230.61 2 
19 FRAME ADDITIONAL4PD 
23000000 
2.5E7 1.04E7 0.405 0.324 0.00615 0 0 0 0 0 
WEIGHTS 0 
1 0.0 0.0 0.0 
2 0.0 0.0 0.0 
3 00 0.0 0.0 
4 0.0 0.0 0.0 
5 550 0.0 0.0 
6 550 0.0 0.0 
7 550 0.0 0.0 
11 
I 
N 
N 
o 
, 
A 
1 
8 550 0.0 0.0 28 0.0 -46.75 0.0 
9 550 0.0 0.0 29 0.0 0.00 0.0 
10 550 0.0 0.0 30 0.0 -1899.62 0.0 
11 550 0.0 0.0 31 0.0 -1899.62 0.0 
12 550 0.0 0.0 32 0.0 -1899.62 0.0 
13 550 0.0 0.0 33 0.0 -1899.62 0.0 
14 550 0.0 0.0 34 0.0 -1899.62 0.0 
15 550 0.0 0.0 35 0.0 -1939.35 0.0 
16 550 0.0 0.0 
17 550 0.0 0.0 EQUAKE L:\QUAKE\4203ELC1.EQF 
18 550 0.0 0.0 310.020.8333327.10001 
19 550 0.0 0.0 
20 550 0.0 0.0 F.3 Twelve Storey Structure A 21 550 0.0 0.0 
22 550 0.0 0.0 TWELVE STOREY A, THREE BAY, CONCRETE MOMENT RESISTING FRAME 
23 550 0.0 0.0 
24 550 0.0 0.0 
• UNITS kN, M 
25 550 0.0 0.0 
• SELF WEIGHT IS INCLUDED IN 4400 I<N PER FLOOR (2200 kN PER FRAME) 
26 550 0.0 0.0 
• FLEXIBILITIES ADDED AT END OF MEMBERS TO ACCOUNT FOR JOINT DEFORMATIONS 
27 550 0.0 0.0 
'COLUMNS DESIGNED ACCORDING TO NZS 3101:1995 
28 550 0.0 0.0 
• UNIVERSITY OF CANTERBURY 
35 0.0 0.0 0.0 
• JOSE ANTONIO FLORES RUIZ 
LOADS 20102000000 
1 0.0 0.0 0.0 651083761 39.81 5.05.00.005401 11 I 2 0.0 0.0 0.0 2020200 221 1 1320 N 
3 0.0 0.0 0.0 1050.0001 000 N 
4 0.0 0.0 0.0 
5 0.0 -56.68 0.0 NODES 0 
6 0.0 -93.50 0.0 1 0 0.0 1 11 o 00 
7 0.0 -93.50 0.0 2 7 0.0 1 1 1 o 00 
·8 0.0 -56.68 0.0 3 14 0.0 111 o 00 
9 0.0 -56.68 0.0 4 21 0.0 1 1 1 o 00 
10 0.0 -93.50 0.0 5 0 3.4 000 6 00 
11 0.0 -93.50 0.0 6 7 3.4 000 o 00 
12 0.0 -56.68 0.0 7 14 3.4 000 6 00 
13 0.0 -56.68 0.0 8 21 3.4 000 6 00 
14 0.0 -93.50 0.0 9 0 6.8 000 10 00 
15 0.0 -93.50 0.0 10 7 6.8 000 o 00 
16 0.0 -56.68 0.0 11 14 6.8 000 10 00 
17 0.0 -56.68 0.0 12 21 6.8 000 10 00 
18 0.0 -93.50 0.0 13 o 10.2 000 1400 
19 0.0 -93.50 0.0 14 7 10.2 000 o 00 
20 0.0 -56.68 0.0 15 14 10.2 000 1400 
21 0.0 -56.68 0.0 16 21 10.2 000 1400 
22 0.0 -93.50 0.0 17 o 13.6 000 1800 
23 0.0 -93.50 0.0 18 7 13.6 000 o 00 
24 0.0 -56.68 0.0 19 14 13.6 000 1800 
25 0.0 -46.75 0.0 20 21 13.6 000 1800 
26 0.0 -83.57 0.0 21 o 17.0 000 2200 
27 0.0 -83.57 0.0 22 7 17.0 000 o 00 
, 
231417.00002200 4 2 9 10 000 !BEAM LEVEL 2 
24 21 17.0 000 22 00 5 2 10 11 000 
25 o 20.4 0 0 0 26 0 0 6 21112000 
26 7 20.4 000 o 00 7 3 13 14 000 !BEAM LEVEL 3 
27 14 20.4 000 26 00 8 31415000 
28 21 20.4 0 0 0 26 0 0 9 31516000 
29 o 23.8 0 0 0 30 0 0 10 41718000 !BEAM LEVEL 4 
30 7 23.8 000 o 00 11 41819000 
31 14 23.8 000 30 00 12 4 19 20 0 a 0 
32 21 23.8 a a a 30 a 0 13 5 21 22 a a 0 IBEAM LEVEL 5 
33 a 27.2 a 0 a 34 a a 14 52223000 
34 7 27.2 a a a a a a 15 5 23 24 a a a 
35 14 27.2 0 a a 34 00 16 6 25 26 0 a 0 !BEAM LEVEL 6 
36 21 27.2 a a a 34 a a 17 62627000 
37 a 30.6 a a a 38 a 0 18 6 27 28 a a a 
38 7 30.6 0 a 0 a 0 a 19 7 29 30 a a 0 !BEAM LEVEL 7 
39 14 30.6 a 0 a 38 a a 20 7 30 31 000 
40 21 30.6 a a a 38 0 0 21 7 31 32 a 0 a 
41 o 34.0 0 a 0 42 0 0 22 8 33 34 a a 0 !BEAM LEVEL 8 
42 7 34.0 000 o 00 23 8 34 35 000 
43 14 34.0 000 42 00 24 8 35 36 000 
44 21 34.0 0 0 0 42 a 0 25 9 37 38 000 !BEAM LEVEL 9 
45 o 37.4 a 0 0 46 a 0 26 9 38 39 000 
46 7 37.4 000 o 00 27 9 39 40 000 
47 14 37.4 000 46 00 28 104142000 !BEAM LEVEL 10 11 
48 21 37.4 0 a a 46 a 0 29 10 42 43 000 I N 
49 o 40.8 0 0 0 50 0 0 30 10 43 44 000 N 
50 7 40.8 a a 0 o 00 31 11 45 46 a a a !BEAM LEVEL 11 N 
51 14 40.8 0 a 0 50 00 32 114647 000 
52 21 40.8 0 a 0 50 0 0 33 11 47 48 000 
53 28 0.0 1 1 1 o 00 34 124950000 !BEAM LEVEL 12 
54 28 3.4 001 o 00 35 12 50 51 000 
55 28 6.8 001 o a a 36 125152 000 
56 28 10.2 a 0 1 o 00 37 13 1 5 a a 0 !EXT COL GROUND LEVEL 
57 28 13.6 0 0 1 a 00 38 14 5 gOO a 
58 28 17.0 001 o 00 39 15 9 13 000 
59 28 2Q.4 a 0 1 o 0 a 40 16 13 17 000 
60 28 23.8 0 a 1 o 00 41 17 17 21 000 
61 28 27.2 001 o 00 42 182125 000 
62 28 30.6 a 0 1 o 00 43 19 25 29 a 0 a 
63 28 34.0 00 1 o 00 44 20 29 33 000 
64 28 37.4 0 0 1 o 00 45 21 33 37 000 
65 28 40.8 0 0 1 o 00 46 22 37 41 000 
47 23 41 45 000 
DRIFT 48 24 45 49 000 
4 8 12 16 20 24 28 32 36 40 44 48 52 49 25 2 6 a 0 a liNT COL GROUND LEVEL 
50 26 6 10 000 
ELEMENTS 0 51 27 10 14 000 
1 1 5 6 0 a 0 !BEAM LEVEL 1 52 28 14 18 a 0 a 
2 1 6 7 a a 0 53 29 18 22 000 
3 1 7 8 a a 0 54 30 22 26 000 
A 
" 
55 31 26 30 000 106 37 62 63 000 
56 32 30 34 000 107 37 63 64 000 
57 333438 000 108 37 64 65 000 
58 343842 000 
59 35 42 46 000 
60 36 46 50 000 
61 25 3 7 000 liNT COL GROUND LEVEL PROPS 
62 26 7 11 000 1 FRAME LEVEL 1 
63 27 1115 000 10040030 
64 28 1519 000 2.5E7 1.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
65 29 1923 000 0.0040.0040.450.45 
66 302327000 1683.0 -12624.2 673.2 -673.2 673.2 -673.2 
67 31 2731 000 0.350.431 2 
68 32 31 35 000 
69 33 35 39 000 2 FRAME LEVEL2 
70 34 39 43 000 10040030 
71 35 43 47 000 2.5E7 1.04E7 0.5825 0.466 0.017 0 0.3750.375 4.4157e-7 4.4157e-7 
72 36 47 51 000 0.0040.0040.450.45 
73 13 4 8 000 IEXT COL GROUND LEVEL 1747.5 -12624.2 699.0 -699.0699.0 -699.0 
74 14 8 12 000 0.350.431 2 
75 15 12 16 000 
76 16 1620 000 3 FRAME LEVEL3 
77 17 20 24 000 10040030 
78 18 24 28 000 2.5E71.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
79 19 2832 000 0.0040.0040.45 0.45 11 
80 20 32 36 000 1619.0 -12624.1647.6 -647.6 647.6 -647.6 I N 
81 21 36 40 000 0.350.431 2 N 
82 22 40 44 000 c.u 
83 23 4448 000 4 FRAME LEVEL4 
84 24 48 52 000 10040030 
85 37 8 54 000 !ADDITIONAL ELEMENTS FOR P-DELTA 2.5E7 1.04E7 0.58250.4660.01700.3750.375 4.4157e-7 4.4157e-7 
86 37 1255 000 0.0040.0040.450.45 
87 37 16 56 000 1470.8 -12624.0 588.3 -588.3588.3 -588.3 
88 37 20 57 000 0.350.4312 
89 37 24 58 000 
90 37 28 59 000 5 FRAME LEVEL5 
91 37 32 60 000 10040030 
92 37 36 61 000 2.5E7 1.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
93 37 40 62 000 0.004 0.004 0.45 0.45 
94 37 44 63 000 1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
95 37 48 64 000 0.350.431 2 
96 37 52 65 000 
97 37 53 54 000 6 FRAME LEVEL6 
98 37 54 55 000 10040030 
99 37 55 56 000 2.5E71.04E7 0.5825 0.466 0.017 0 0.375 0.3754.4157e-7 4.4157e-7 
100 37 56 57 000 0.0040.0040.450.45 
101 37 57 58 000 1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
102 37 58 59 000 0.350.431 2 
103 37 59 60 000 
104 37 60 61 000 7 FRAME LEVEL7 
105 37 61 62 000 10040030 
2.5E71.04E7 0.5825 0.4660.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.0040.0040.45 0.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
8 FRAME LEVEL8 
10040030 
2.5E71.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.004 0.004 0.45 0.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
9 FRAME LEVEL9 
10040030 
2.5E7 1.04E7 0.5825 0.4660.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.0040.0040.45 0.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
10 FRAME LEVEL 10 
10040030 
2.5E7 1.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.0040.0040.450.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
11 FRAME LEVEL 11 
10040030 
2.5E7 1.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.0040.0040.45 0.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
12 FRAME LEVEL12 
10040030 
2.5E7 1.04E7 0.5825 0.466 0.017 0 0.375 0.375 4.4157e-7 4.4157e-7 
0.0040.0040.450.45 
1321.3 -12623.8 528.5 -528.5 528.5 -528.5 
0.350.4312 
13 FRAME EXTCOLUMNSATBASE 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 000.450 9.8462e-7 
0.0040.004 0.375 0.375 
-15401.3 -5917.3 2128.01975.1 1584.9985.82970.01 
-14771.3 -5917.31923.21770.41380.8780.72340.0 
0.230.612 
14 FRAME EXTCOLUMN2 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.004 0.375 0.375 
-14771.3 -5917.31923.21770.4 1380.8 780.7 2340.0 1 
-15041.3 -5917.3 2011.0 1858.1 1468.4 868.2 2610.0 
0.230.612 
15 FRAME EXTCOLUMN3 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.004 0.375 0.375 
-15041.3 -5917.3 2011.0 1858.1 1468.4 868.2 2610.0 1 
-15101.3 -5917.3 2030.51877.61487.6888.62670.0 
0.230.612 
16 FRAME EXTCOLUMN4 
2004003 
2.5E71.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-15101.3 -5917.32030.51877.61487.6888.62670.01 
-15011.3 -5917.3 2001.21848.41458.2 859.3 2580.0 
0.230.61 2 
17 FRAME EXTCOLUMN5 
2004003 
2.5E71.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.004 0.375 0.375 
-15011.3 -5917.3 2001.21848.41458.2 859.3 2580.0 
-14771.3 -5917.31923.21770.4 1380.8 780.7 2340.0 
0.230.612 
18 FRAME EXTCOLUMN6 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14771.3 -5917.31923.21770.4 1380.8 780.7 2340.01 
-14741.3 -5917.3 1913.5 1760.6 1370.7770.82310.0 
0.230.612 
19 FRAME EXTCOLUMN7 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.004 0.004 0.375 0.375 
-14741.3 -5917.31913.51760.61370.7770.82310.01 
-14741.3 -5917.31913.51760.61370.7770.82310.0 
0.230.612 
20 FRAME EXTCOLUMN8 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14741.3 -5917.31913.51760.61370.7770.82310.01 
-14711.3 -5917.31903.71750.91361.0761.02280.0 
.." 
I 
i'.) 
i'.) 
.j>.. 
J 
0.230.612 
21 FRAME EXTCOLUMN9 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.375 0.375 
-14711.3 -5917.31903.71750.91361.0761.02280.01 
-14741.3 -5917.31913.51760.61370.7770.82310.0 
0.230.612 
22 FRAME EXTCOLUMN10 
2004003 
2.5E71.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.004 0.004 0.375 0.375 
-14741.3 -5917.31913.51760.61370.7770.82310.01 
-14801.3 -5917.3 1933.0 1780.1 1390.4 790.5 2370.0 
0.230.612 
23 FRAME EXTCOLUMN11 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.375 0.375 
-14801.3 -5917.3 1933.0 1780.1 1390.4 790.5 2370.0 1 
-14351.3 -5917.31786.71633.91244.2644.01920.0 
0.230.61 2 
24 FRAME EXTCOLUMN12 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.375 0.375 
-14351.3 -5917.31786.71633.91244.2644.01920.01 
-13601.3 -5917.31543.01390.11001.4 400.31170.0 
0.230.61 2 
25 FRAME INTCOLUMNSATBASE 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 000.450 9.8462e-7 
0.0040.0040.375 0.375 
-13601.3 -5917.31543.01390.1 1001.4 400.31170.01 
-14111.3 -5917.31708.71555.9 1166.4 566.5 1680.0 
0.230.61 2 
26 FRAME INTCOLUMN2 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.0091400.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.375 0.375 
-14111.3 -5917.31708.71555.91166.4 566.51680.01 
-14441.3 -5917.31816.01663.1 1273.5673.32010.0 
0.230.61 2 
27 FRAME INTCOLUMN3 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14441.3 -5917.31816.0 '1663.11273.5673.32010.01 
-14741.3 -5917.31913.51760.61370.7770.82310.0 
0.230.612 
28 FRAME INTCOLUMN4 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14741.3 -5917.31913.51760.61370.7770.82310.01 
-14831.3 -5917.31942.71789.91400.0800.4 2400.0 
0.230.61 2 
29 FRAME INTCOLUMN5 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14831.3 -5917.31942.71789.91400.0800.4 2400.01 
-14621.3 -5917.31874.51721.61331.7731.82190.0 
0.230.6 1 2 
30 FRAME INTCOLUMN6 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14621.3 -5917.31874.51721.61331.7731.82190.01 
-14801.3 -5917.31933.01780.1 1390.4 790.5 2370.0 
0.230.61 2 
31 FRAMEINTCOLUMN7 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14801.3 -5917.3 1933.0 1780.1 1390.4 790.5 2370.01 
-14981.3 -5917.31991.51838.61448.6849.22550.0 
0.230.61 2 
32FRAMEINTCOLUMN8 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
0.0040.0040.3750.375 
-14981.3 -5917.31991.51838.61448.6849.22550.01 
-15191.3 -5917.3 2059.71906.91517.0916.92760.0 
0.230.61 2 
33FRAMEINTCOLUMN9 
2004003 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 
'11 
I 
N 
N 
01 
j 
l 
, 
0.0040.0040.375 0.375 18 550 0.0 0.0 
-15191.3 -5917.3 2059.7 1906.9 1517.0 916.9 2760.01 19 550 0.0 0.0 
-15401.3 -5917.3 2128.0 1975.1 1584.9 985.8 2970.0 20 550 0.0 0.0 
0.230.61 2 21 550 0.0 0.0 
22 550 0.0 0.0 
34 FRAME INTCOLUMN10 23 550 0.0 0.0 
2004003 24 550 0.0 0.0 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 25 550 0.0 0.0 
0.0040.0040.3750.375 26 550 0.0 0.0 
-15401.3 -5917.32128.01975.1 1584.9985.82970.01 27 550 0.0 0.0 
-15731.3 -5917.3 2235.2 2082.41691.91092.53300.0 28 550 0.0 0.0 
0.230.612 29 550 0.0 0.0 
30 550 0.0 0.0 
35 FRAME INTCOLUMN11 31 550 0.0 0.0 
2004003 32 550 0.0 0.0 
2.5E7 1.04E7 0.4875 0.39 0.00914 00.450.45 9.8462e-7 9.8462e-7 33 550 0.0 0.0 
0.0040.0040.3750.375 34 550 0.0 0.0 
-15731.3 -5917.3 2235.2 2082.41691.91092.53300.01 35 550 0.0 0.0 
-14891.3 -5917.31962.21809.41419.2820.4 2460.0 36 550 0.0 0.0 
0.230.612 37 550 0.0 0.0 
38 550 0.0 0.0 
36 FRAME INTCOLUMN12 39 550 0.0 0.0 
2004003 40 550 0.0 0.0 
2.5E7 1.04E7 0.4875 0.39 0.00914 0 0.45 0.45 9.8462e-7 9.8462e-7 41 550 0.0 0.0 
0.0040.0040.375 0.375 42 550 0.0 0.0 "Tl 
-14891.3 -5917.31962.21809.41419.2820.4 2460.0 1 43 550 0.0 0.0 I N 
-13601.3-5917.31543.01390.11001.4400.31170.0 44 550 0.0 0.0 N 
0.230.61 2 45 550 0.0 0.0 
0) 
46 550 00 0.0 
37 FRAME ADDITIONAL4PD 47 550 0.0 0.0 
23000000 48 550 0.0 0.0 
2.5E7 1.04E7 0.405 0.3240.0061500000 49 550 0.0 0.0 
50 550 0.0 0.0 
WEIGHTS 0 51 550 0.0 0.0 
1 0.0 0.0 0.0 52 550 0.0 0.0 
2 0.0 0.0 0.0 65 0 0.0 0.0 
3 0.0 0.0 0.0 
4 0.0 0.0 0.0 LOADS 
5 550 0.0 0.0 1 0 0 0 
6 550 0.0 0.0 2 0 0 0 
7 550 0.0 0.0 3 0 0 0 
8 550 0.0 0.0 4 0 0 0 
9 550 0.0 0.0 5 0 -76.55 0 
10 550 0.0 0.0 6 0 -124.46 0 
11 550 0.0 0.0 7 0 -124.46 0 
12 550 0.0 0.0 8 0 -76.55 0 
13 550 0.0 0.0 9 0 -76.55 0 
14 550 0.0 0.0 10 0 -124.46 0 
15 550 0.0 0.0 11 0 -124.46 0 
16 550 0.0 0.0 12 0 -76.55 0 
17 550 0.0 0.0 13 0 -76.55 0 
j 
.." 
14 0 -124.46 0 65 0 -185526 0 
15 0 -124.46 0 
16 0 -76.55 0 EQUAKE L:IQUAKEI4203elc1.EQF 
17 0 -76.55 0 310.020.833327.10001 
18 0 -124.46 0 
19 0 -124.46 0 
20 0 -76.55 0 
FA Twelve Storey Structure B 21 0 -76.55 0 
22 0 -124.46 0 TWELVE STOREY B, THREE BAY, CONCRETE MOMENT RESISTING FRAME 
23 0 -124.46 0 
24 0 -76.55 0 
• UNITS kN, M 
25 0 -76.55 0 
• SELF WEIGHT IS INCLUDED IN 4400 KN PER FLOOR (2200 kN PER FRAME) 
26 0 -124.46 0 
• FLEXIBIL1TIES ADDED AT END OF MEMBERS TO ACCOUNT FOR JOINT DEFORMATIONS 
27 0 -124.46 0 
• UNIVERSITY OF CANTERBURY 
28 0 -76.55 0 
• JOSE ANTONIO FLORES RUIZ 
29 0 -76.55 0 
30 0 -124.46 0 20122000000 
31 0 -124.46 0 651083761 39.81 5.05.00.005401 
32 0 -76.55 0 o 20 20 0 1 1 1 1 13 2 0 
33 0 -76.55 0 1050.0001000 
34 0 -124.46 0 
35 0 -124.46 0 NODES 0 
36 0 -76.55 0 1 0 0.0 1 1 1 000 
37 0 -76.55 0 2 7 0.0 1 1 1 000 
38 0 -124.46 0 3 14 0.0 1 1 1 000 
" 
I 39 0 -124.46 0 4 21 0.0 1 1 1 000 N N 40 0 -76.55 0 5 0 3.4 000 600 
-..j 41 0 -76.55 0 6 7 3.4 000 000 
42 0 -124.46 0 7 14 3.4 000 600 
43 0 -124.46 0 8 21 3.4 000 600 
44 0 -76.55 0 9 0 6.8 000 1000 
45 0 -76.55 0 10 7 6.8 000 000 
46 0 -124.46 0 11 14 6.8 000 10 0 0 
47 0 -124.46 0 12 21 6.8 000 1000 
48 0 -76.55 0 13 o 10.2 000 1400 
49 0 -62.23 0 14 7 10.2 000 000 
50 0 -110.14 0 15 14 10.2 000 1400 
51 0 -110.14 0 16 21 10.2 000 1400 
52 0 -62.23 0 17 o 13.6 000 1800 
53 0 0 0 18 7 13.6 000 000 
54 0 -1797.98 0 19 14 13.6 000 1800 
55 0 -1797.98 0 20 21 13.6 000 1800 
56 0 -1797.98 0 21 a 17.0 000 22 a 0 
57 0 -1797.98 0 22 7 17.0 000 000 
58 a -1797.98 0 23 14 17.0 000 2200 
59 0 -1797.98 0 24 21 17.0 000 2200 
60 0 -1797.98 0 25 o 20.4 000 2600 
61 0 -1797.98 0 26 7 20.4 000 000 
62 0 -1797.98 0 27 14 20.4 000 2600 
63 0 -1797.98 0 28 21 20.4 000 2600 
64 0 -1797.98 0 29 o 23.8 000 3000 
--~ .. - ..•....• ----.-~~~ 
30 7 23.8 000 000 10 4 17 18 000 !BEAM LEVEL 4 
31 14 23.8 000 3000 11 4 18 19 000 
32 21 23.8 000 3000 12 4 19 20 000 
33 o 27.2 000 3400 13 5 21 22 000 !BEAM LEVEL 5 
34 7 27.2 000 000 14 5 22 23 000 
35 14 27.2 000 3400 15 5 23 24 000 
36 21 27.2 000 3400 16 6 25 26 000 !BEAM LEVEL 6 
37 o 30.6 000 3800 17 6 26 27 000 
38 7 30.6 000 000 18 6 27 28 000 
39 14 30.6 000 3800 19 7 29 30 000 !BEAM LEVEL 7 
40 21 30.6 000 3800 20 7 30 31 000 
41 o 34.0 000 4200 21 7 31 32 000 
42 7 34.0 000 000 22 8 33 34 000 !BEAM LEVEL 8 
43 14 34.0 000 4200 23 8 34 35 000 
44 21 34.0 000 4200 24 8 35 36 000 
45 o 37.4 000 4600 25 9 37 38 000 !BEAM LEVEL 9 
46 7 37.4 000 000 26 9 38 39 000 
47 14 37.4 000 4600 27 9 39 40 000 
48 21 37.4 000 4600 28 10 41 42 000 !BEAM LEVEL 10 
49 o 40.8 000 5000 29 10 42 43 000 
50 7 40.8 000 000 30 10 43 44 000 
51 14 40.8 000 5000 31 11 45 46 000 IBEAM LEVEL 11 
52 21 40.8 0 0 0 5000 32 11 46 47 000 
53 28 0.0 1 1 1 000 33 11 47 48 000 
54 28 3.4 001 000 34 12 49 50 000 !BEAM LEVEL 12 11 
55 28 6.8 001 000 35 12 50 51 000 I N 
56 28 10.2 001 000 36 12 51 52 000 N 
57 28 13.6 001 000 37 13 1 5 000 !EXT COL GROUND LEVEL 00 
58 28 17.0 0 0 1 000 38 14 5 9 000 
59 28 20.4 0 0 1 000 39 15 9 13 000 
60 28 23.8 0 0 1 000 40 16 13 17 000 
61 28 27.2 001 000 41 17 17 21 000 
62 28 30.6 0 0 1 000 42 18 21 25 000 
63 28 34.0 00 1 000 43 19 25 29 000 
64 28 37.4 0 0 1 000 44 20 29 33 000 
65 28 40.8 0 0 1 000 45 21 33 37 000 
46 22 37 41 000 
DRIFT 47 23 41 45 000 
48 24 45 49 000 
481216202428323640444852 49 25 2 6 000 !lNT COL GROUND LEVEL 
50 26 6 10 000 
ELEMENTS 0 51 27 10 14 000 
1 1 5 6 000 !BEAM LEVEL 1 52 28 14 18 000 
2 1 6 7 000 53 29 18 22 000 
3 1 7 8 000 54 30 22 26 000 
4 2 9 10 000 !BEAM LEVEL 2 55 31 26 30 000 
5 2 10 11 000 56 32 30 34 000 
6 2 11 12 000 57 33 34 38 000 
7 3 13 14 000 !BEAM LEVEL 3 58 34 38 42 000 
8 3 14 15 000 59 35 42 46 000 
9 3 15 16 000 60 36 46 50 000 
j 
j 
-, 
61 25 3 7 000 liNT COL GROUND LEVEL 1 FRAME LEVEL 1 
62 26 7 11 000 10040000 
63 27 11 15 000 2.5E7 1.04E7 0.5825 OA66 0.015813.69 0.3875 0.3875 4.9041e-7 4.9041e-7 
64 28 15 19 000 0.004 0.004 OA5 OA5 
65 29 19 23 000 1580.0 -12624.1 632.0 -6:32.0 632.0 -632.0 
66 30 23 27 000 0.35 OA3 12 
67 31 27 31 000 
68 32 31 35 000 
69 33 35 39 000 2 FRAME LEVEL2 
70 34 39 43 000 10040000 
71 35 43 47 000 2.5E7 1.04E7 0.5825 OA66 0.0158 13.69 0.3875 0.3875 4.9041e-7 4.9041e-7 
72 36 47 51 000 0.004 0.004 OA5 OA5 
73 13 4 8 000 IEXT COL GROUND LEVEL 1669.0 -12624.2667.6 -667.6 667.6 -667.6 
74 14 8 12 000 0.35 OA3 1 2 
75 15 12 16 000 
76 16 16 20 000 3 FRAME LEVEL3 
77 17 20 24 000 10040000 
78 18 24 28 000 2.5E7 1.04E7 0.5825 OA66 0.0158 13.69 0.3875 0.3875 4.9041e-7 4.9041e-7 
79 19 28 32 000 0.004 0.004 OA5 OA5 
80 20 32 36 000 1548.5 -12624.0 619A -619A 619A -619A 
81 21 36 40 000 0.35 OA31 2 
82 22 40 44 000 
83 23 44 48 000 4 FRAME LEVEL4 
84 24 48 52 000 10040000 
85 37 8 54 000 IADDITIONAL ELEMENTS FOR P-DELTA 2.5E7 1.04E7 0.5825 OA66 0.0158 13.690.38750.3875 4.9041e-7 4.9041e-7 "T1 
86 37 12 55 000 0.0040.0040.450.45 I I'.) 
87 37 16 56 000 1403.8 -12623.9 561.5 -561.5 561.5 -561.5 I'.) 
88 37 20 57 000 0.350.4312 <0 
89 37 24 58 000 
90 37 28 59 000 5 FRAME LEVEL5 
91 37 32 60 000 10040000 
92 37 36 61 000 2.5E71.04E7 0.5825 OA66 0.015813.69 0.3875 0.3875 4.9041e-7 4.9041e-7 
93 37 40 62 000 0.0040.004 0.45 OA5 
94 37 44 63 000 1273.5 -12623.8 509A -509A 509A -509.4 
95 37 48 64 000 0.35 OA3 1 2 
96 37 52 65 000 
97 37 53 54 000 6 FRAME LEVEL6 
98 37 54 55 000 10040000 
99 37 55 56 000 2.5E7 1.04E7 0.5825 0.466 0.0158 13.69 0.3875 0.3875 4.9041e-7 4.9041e-7 
100 37 56 57 000 0.004 0.004 OA5 OA5 
101 37 57 58 000 1273.5 -12623.8 509.4 -509.4 509.4 -509.4 
102 37 58 59 000 0.35 OA3 12 
103 37 59 60 000 
104 37 60 61 000 7 FRAME LEVEL7 
105 37 61 62 000 10040000 
106 37 62 63 000 2.5E7 1.04E7 0.500 OAOO 0.00929 11.750.3500.350 7.5318e-7 7.531ge-7 
107 37 63 64 000 0.0040.0040.3750.375 
108 37 64 65 000 1252.0 -10520.0 406.9 -406.9 406.9 -406.9 
0.350.43 1 2 
PROPS 8 FRAME LEVEL8 
10040000 
2.5E71.04E7 0.500 0.400 0.0092911.75 0.350 0.350 7.5318e-7 7.531ge-7 
0.0040.0040.375 0.375 
1138.2 -10519.9 369.9 -369.9 369.9 -369.9 
0.350.431 2 
9 FRAME LEVEL9 
10040000 
2.5E71.04E7 0.500 0.400 0.0092911.75 0.350 0.350 7.5318e-7 7.531ge-7 
0.0040.0040.375 0.375 
1138.2 -10519.9 369.9 -369.9 369.9 -369.9 
0.350.431 2 
10 FRAME LEVEL 10 
10040000 
2.5E7 1.04E7 0.500 0.400 0.00929 11.750.3500.350 7.5318e-7 7.531ge-7 
0.004 0.004 0.375 0.375 
1138.2 -10519.9 369.9 -369.9 369.9 -369.9 
0.350.431 2 
11 FRAME LEVEl11 
10040000 
2.5E7 1.04E7 0.500 0.400 0.00929 11.750.3500.350 7.5318e-7 7.531 ge-7 
0.0040.0040.375 0.375 
1138.2 -10519.9 369.9 -369.9 369.9 -369.9 
0.350.431 2 
12 FRAME LEVEl12 
10040000 
2.5E7 1.04E7 0.500 0.400 0.00929 11.750.3500.350 7.5318e-7 7.531ge-7 
0.0040.0040.375 0.375 
1138.2 -10519.9 369.9 -369.9 369.9 -369.9 
0.350.4312 
13 FRAME EXTCOLUMNl 
20040030 
2.5E71.04E7 0.50375 0.403 0.010111.84 0 0.45 0 8.9237e-7 
0.0040.0040.38750.3875 
-15575.6 -6128.6 2163.22001.01585.6942.02730.01 
-14975.6 -6128.61960.71798.51383.4 739.22130.0 
0.230.612 
14 FRAME EXTCOLUMN2 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-14975.6 -6128.61960.71798.51383.4 739.2 2130.01 
-15215.6 -6128.6 2041.71879.5 1464.3820.12370.0 
0.230.612 
15 FRAME EXTCOLUMN3 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-15215.6 -6128.62041.71879.51464.3820.12370.01 
-15275.6 -6128.6 2061.9 1899.8 1484.5 840.8 2430.0 
0.230.612 
16 FRAME EXTCOLUMN4 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-15275.6 -6128.62061.91899.81484.5840.82430.01 
-15155.6 -6128.6 2021.41859.3 1444.2799.7 2310.0 
0.230.612 
17 FRAME EXTCOLUMN5 
20040030 
2.5E7 1.04E7 0.50375 OA03 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-15155.6 -6128.6 2021.41859.31444.2799.72310.01 
-14945.6 -6128.61950.6 '1788.4 1373.3729.2 2100.0 
0.230.612 
18 FRAME EXTCOLUMN6 
20040030 
2.5E71.04E7 0.50375 0.403 0.010111.84 0.45 0.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-14945.6 -6128.61950.61788.4 1373.3 729.2 2100.0 1 
-15035.6 -6128.61980.91818.81403.5759.22190.0 
0.230.61 2 
19 FRAME EXTCOLUMN7 
20040030 
2.5E7 1.04E7 0.455 0.364 0.00743 10.690.3750.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-13792.5 -5494.61669.41534.31193.0 677.12190.01 
-13312.5 -5494.3 1525.4 1390.3 1049.6 533.8 1710.0 
0.230.612 
20 FRAME EXTCOLUMN8 
20040030 
2.5E7 1.04E7 0.455 0.364 0.0074310.690.3750.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-13312.5 -5494.3 1525.4 1390.3 1049.6 533.8 1710.0 1 
-13312.5 -5494.61525.4 1390.3 1049.6 533.81710.0 
0.230.61 2 
21 FRAME EXTCOLUMN9 
20040030 
2.5E7 1.04E7 0.455 0.364 0.00743 10.690.3750.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-n 
I 
N 
W 
o 
-13312.5 -5494.31525.4 1390.3 1049.6 533.81710.01 
-13372.5 -5494.61543.4 1408.3 1067.5551.51770.0 
0.230.61 2 
22 FRAME EXTCOLUMN10 
20040030 
2.5E71.04E7 0.455 0.364 0.0074310.690.375 0.3751.0092e-6 1.0092e-6 
0.0040.0040.35 0.35 
-13372.5 -5494.61543.41408.31067.5551.51770.01 
-13432.5 -5494.61561.4 1426.3 1085.4 569.41830.0 
0.230.61 2 
23 FRAME EXTCOLUMN11 
20040030 
2.5E71.04E7 0.455 0.364 0.0074310.69 0.375 0.3751.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-13432.5 -5494.61561.41426.31085.4 569.4 1830.0 1 
-13132.5 -5494.61471.41336.3996.0478.71530.0 
0.230.61 2 
24 FRAME EXTCOLUMN12 
20040030 
2.5E71.04E7 0.455 0.364 0.0074310.690.375 0.3751.0092e-6 1.0092e-6 
0.0040.0040.35 0.35 
-13132.5 -5494.61471.41336.3996.0478.71530.01 
-11872.5 -5494.61093.4 958.3 620.2 92.0 270.0 
0.230.61 2 
25 FRAME INTCOLUMNS1 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.010111.84 00.450 8.9237e-7 
0.0040.0040.3875 0.3875 
-13625.6 -6128.61505.1 1342.9928.4 280.9 780.01 
-14345.6 -6128.61748.1 1585.91171.3525.81500.0 
0.230.61 2 
26FRAMEINTCOLUMNS2 
20040030 
2.5E71.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.3875 0.3875 
-14345.6 -6128.61748.1 1585.91171.3525.81500.01 
-14675.6 -6128.61859.41697.31282.4 638.0 1830.0 
0.230.612 
27 FRAME INTCOLUMNS3 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.3875 0.3875 
-14675.6 -6128.61859.41697.31282.4 638.01830.01 
-14975.6 -6128.61960.71798.51383.4 739.2 2130.0 
0.230.612 
28 FRAME INTCOLUMNS4 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-14975.6 -6128.61960.71798.51383.4 739.2 2130.01 
-15035.6 -6128.61980.91818.81403.5759.22190.0 
0.230.612 
29FRAMEINTCOLUMNS5 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.010111.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-15035.6 -6128.61980.91818.81403.5759.22190.01 
-14855.6 -6128.61920.21758.01343.2698.4 2010.0 
0.230.612 
30 FRAME INTCOLUMNS6 
20040030 
2.5E7 1.04E7 0.50375 0.403 0.0101 11.840.450.45 8.9237e-7 8.9237e-7 
0.0040.0040.38750.3875 
-14855.6 -6128.61920.21758.01343.2698.4 2010.01 
-15365.6 -6128.6 2092.3 1930.2 1515.2 870.6 2520.0 
0.230.612 
31 FRAMEINTCOLUMNS7 
20040030 
2.5E7 1.04E7 0.455 0.364 0.00743 10.69 0.375 0.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-14122.5 -5494.61768.41633.31291.6776.22520.01 
-13552.5 -5494.61597.41462.31121.2605.81950.0 
0.230.612 
32 FRAME INTCOLUMNS8 
20040030 
2.5E7 1.04E7 0.455 0.364 0.0074310.690.3750.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-13552.5 -5494.6 1597.4 1462.3 1121.2 605.8 1950.0 1 
-13642.5 -5494.61624.41489.31147.9633.02040.0 
0.230.612 
33 FRAME INTCOLUMNS9 
20040030 
2.5E7 1.04E7 0.455 0.3640.0074310.690.3750.375 1.0092e-6 1.0092e-6 
0.0040.0040.350.35 
-13642.5 -5494.61624.4 1489.3 1147.9633.02040.01 
-13882.5 -5494.61696.4 1561.3 1219.7704.12280.0 
0.230.61 2 
-n 
I 
N 
W 
~ 
1 
34 FRAME INTCOLUMNS10 23 448.53 0 0 
20040030 24 448.53 0 0 
2.5E7 1.04E7 0.455 0.364 0.0074310.69 0.375 0.375 1.0092e-6 1.0092e-6 25 448.53 0 0 
0.0040.0040.35 0.35 26 448.53 0 0 
-13882.5 -5494.61696.41561.31219.7704.12280.01 27 448.53 0 0 
-'14'182.5 -5494.61786.41651.31309.6794.82580.0 28 448.53 0 0 
0.230.61 2 29 459.97 0 0 
30 459.97 0 0 
35 FRAME INTCOLUMNS11 31 459.97 0 0 
20040030 32 459.97 0 0 
2.5E71.04E7 0.455 0.364 0.0074310.69 0.375 0.375 1.0092e-6 1.0092e-6 33 459.97 0 0 
0.0040.0040.35 0.35 34 459.97 0 0 
-14182.5 -5494.61786.4 1651.3 1309.6 794.8 2580.0 1 35 459.97 0 0 
-13582.5 -5494.61606.4 1471.3 1130.0614.4 1980.0 36 459.97 0 0 
0.230.612 37 459.97 0 0 
38 459.97 0 0 
36 FRAME INTCOLUMNS12 39 459.97 0 0 
20040030 40 459.97 0 0 
2.5E71.04E7 0.455 0.364 0.0074310.690.375 0.3751.0092e-6 1.0092e-6 41 459.97 0 0 
0.0040.0040.350.35 42 459.97 0 0 
-13582.5 -5494.61606.41471.31130.0614.4 1980.0 1 43 459.97 0 0 
-11902.5 +5494.61102.4 967.3 629.2102.3 300.0 44 459.97 0 0 
0.230.612 45 459.97 0 0 
46 459.97 0 0 
37 FRAME ADITIONAL4PD 47 459.97 0 0 11 
23000000 48 459.97 0 0 I N 
2.5E7 1.04E7 0.405 0.324 0.00615 00000 49 474.14 0 0 W 
50 474.14 0 0 N 
WEIGHTS 0 51 474.14 0 0 
1 0 0 0 52 474.14 0 0 
2 0 0 0 53 0 0 0 
3 0 0 0 54 0 0 0 
4 0 0 0 55 0 0 0 
5 448.53 0 0 56 0 0 0 
6 448.53 0 0 57 0 0 0 
7 448.53 0 0 58 0 0 0 
8 448.53 0 0 59 0 0 0 
9 448.53 0 0 60 0 0 0 
10 448.53 0 0 61 0 0 0 
11 448.53 0 0 62 0 0 0 
12 448.53 0 0 63 0 0 0 
13 448.53 0 0 64 0 0 0 
14 448.53 0 0 65 0 0 0 
15 448.53 0 0 
16 448.53 0 0 LOADS 
17 448.53 0 0 1 0 0 0 
18 448.53 0 0 2 0 0 0 
19 448.53 0 0 3 0 () 0 
20 448.53 0 0 4 0 0 0 
21 448.53 0 0 5 0 -77.51 0 
22 448.53 0 0 6 0 -125.42 0 
7 0 -125.42 0 58 0 -1794.14 0 
8 0 -77.51 0 59 0 -1794.14 0 
9 0 -77.51 0 60 a -1839.90 a 
10 0 -125.42 0 61 0 -1839.90 0 
11 0 -125.42 0 62 0 -1839.90 0 
12 0 -77.51 0 63 a -1839.90 a 
13 0 -77.51 0 64 0 -1839.90 a 
14 0 -125.42 0 65 a -1896.58 a 
15 a -125.42 a 
16 a -77.51 0 EQUAKE l:\QUAKE\4203e!c1.EQF 
17 a -77.51 a 310.02 0.8333 27.10 a 01 
18 a -125.42 0 
19 0 -125.42 0 
20 0 -77.51 0 
21 0 -77.51 0 
22 0 -125.42 0 
23 0 -125.42 0 
24 0 -77.51 0 
25 0 -77.51 0 
26 0 -125.42 0 
27 0 -125.42 0 
28 0 -77.51 0 
29 0 -69.46 0 
30 0 -110.59 0 
31 0 -110.59 0 11 
32 0 -69.46 0 I N 
33 0 -69.46 0 W 
34 0 -110.59 0 W 
35 0 -110.59 0 
36 0 -69.46 0 
37 0 -69.46 0 
38 0 -110.59 0 
39 0 -110.59 0 
40 0 -69.46 0 
41 0 -69.46 0 
42 0 -110.59 0 
43 0 -110.59 0 
44 0 -69.46 0 
45 0 -69.46 0 
46 0 -110.59 0 
47 0 -110.59 0 
48 0 -69.46 0 
49 0 -55.29 0 
50 0 -96.42 0 
51 a -96.42 0 
52 a -55.29 a 
53 0 0 0 
54 0 -1794.14 0 
55 0 -1794.14 0 
56 0 -1794.14 0 
57 a -1794.14 0 
